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We have analyzed differential cross sections~DCSs! for the elastic scattering of elec-
trons by neutral atoms that have been derived from two commonly used atomic poten-
tials: the Thomas–Fermi–Dirac~TFD! potential and the Dirac–Hartree–Fock~DHF!
potential. DCSs from the latter potential are believed to be more accurate. We compared
DCSs for six atoms~H, Al, Ni, Ag, Au, and Cm! at four energies~100, 500, 1000, and
10 000 eV! from two databases issued by the National Institute of Standards and Tech-
nology in which DCSs had been obtained from the TFD and DHF potentials. While the
DCSs from the two potentials had similar shapes and magnitudes, there can be pro-
nounced deviations~up to 70%! for small scattering angles for Al, Ag, Au, and Cm. In
addition, there were differences of up to 400% at scattering angles for which there were
deep minima in the DCSs; at other angles, the differences were typically less than 20%.
The DCS differences decreased with increasing electron energy. DCSs calculated from
the two potentials were compared with measured DCSs for six atoms~He, Ne, Ar, Kr, Xe,
and Hg! at energies between 50 eV and 3 keV. For Ar, the atom for which experimental
data are available over the largest energy range there is good agreement between the
measured DCSs and those calculated from the TFD and DHF potentials at 2 and 3 keV,
but the experimental DCSs agree better with the DCSs from the DHF potential at lower
energies. A similar trend is found for the other atoms. At energies less than about 1 keV,
there are increasing differences between the measured DCSs and the DCSs calculated
from the DHF potential. These differences were attributed to the neglect of absorption
and polarizability effects in the calculations. We compare transport cross sections for H,
Al, Ni, Ag, Au, and Cm obtained from the DCSs for each potential. For energies between
200 eV and 1 keV, the largest differences are about 20%~for H, Au, and Cm!; at higher
energies, the differences are smaller. We also examine the extent to which three quantities
derived from DCSs vary depending on whether the DCSs were obtained from the TFD or
DHF potential. First, we compare calculated and measured elastic-backscattered intensi-
ties for thin films of Au on a Ni substrate with different measurement conditions, but it is
not clear whether DCSs from the TFD or DHF potential should be preferred. Second, we
compare electron inelastic mean free paths~IMFPs! derived from relative and absolute
measurements by elastic-peak electron spectroscopy and from analyses with DCSs ob-
tained from the TFD and DHF potentials. In four examples, for a variety of materials and
measurement conditions, we find differences between the IMFPs from the TFD and DHF
potentials ranging from 1.3% to 17.1%. Third, we compare mean escape depths for two
photoelectron lines and two Auger-electron lines in solid Au obtained using DCSs from
the TFD and DHF potentials. The relative differences between these mean escape depths
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vary from 4.3% at 70 eV to0.5% at 2016 eV at normal electron emission, and become
smaller with increasing emission angle. Although measured DCSs for atoms can differ
from DCSs calculated from the DHF potential by up to a factor of 2, we find that the
atomic DCSs are empirically useful for simulations of electron transport in solids for
electron energies above about 300 eV. The atomic DCSs can also be useful for energies
down to at least 200 eV if relative measurements are made. ©2004 by the U.S. Secre-
tary of Commerce on behalf of the United States. All rights reserved.
@DOI: 10.1063/1.1595653#
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1. Introduction

The elastic scattering of electrons by atoms, molecu
and solids is of widespread importance in many applicati
ranging from radiation dosimetry, radiation therapy, radiat
processing, radiation sensors, and radiation protection
electron-beam lithography, plasma physics, and mate
analysis by techniques such as electron-probe microana
~EPMA!, analytical electron microscopy~AEM!, Auger-
electron spectroscopy~AES!, and x-ray photoelectron spec
J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004
s,
s

n
to
ls
sis

troscopy~XPS!. For these applications, knowledge of elast
scattering cross sections can be needed to obtain informa
on the spatial distribution of energy deposition, to ena
more accurate analyses, or to define the analytical volu
More specifically, data for differential elastic-scattering cro
sections, total elastic-scattering cross sections, trans
cross sections, or phase shifts may be required.

Elastic-electron-scattering phenomena in solids and
uids can be very different from the corresponding pheno
ena for the constituent atoms or molecules in the gas pha
pressures for which multiple elastic or inelastic scatter
can be ignored. For crystalline solids, coherent scattering
the ordered atoms leads to electron diffraction, a powe
tool for obtaining information on the atomic structure. As t
degree of atomic order decreases~e.g., for an amorphous
solid, a liquid, or a polycrystalline solid consisting of man
randomly oriented grains or assemblies of molecules!, the
diffraction effects become weaker and can be neglected
many practical purposes. Atomic elastic-scattering cross
tions can then be used for describing electron transpor
solids. Two other differences between elastic scattering
electrons by neutral atoms and by solids~differences in in-
teraction potential and the occurrence of multiple scatteri!
will be discussed below.

We consider here data describing elastic scattering of e
trons by neutral atoms for energies between 50 eV and
keV, although particular attention will be given to data f
energies between 50 eV and 10 keV. Differential elas
scattering cross sections, total elastic-scattering cross
tions, and transport cross sections have been calculated
tabulated elsewhere for many elements, as indicated in T
1.1–12 There are also a limited number of measurements
these cross sections for certain elements and energies
there are measurements of other parameters for certain s
and energies~to be discussed below! that depend on elastic
scattering cross sections. The latter measurements, in
ticular, provide indirect validation of the cross-section da
The present calculations of cross sections are valuable, h
ever, because they can be made for all elements and f
wide range of energies, and are thus of general applicab

There can be noticeable differences among cross-sec
data from the sources listed in Table 1. These differen
mainly arise from the different theoretical models used in
calculations~e.g., relativistic or nonrelativistic theory use
for description of the scattering event! or from differences in
electrostatic potentials describing interaction with the tar
atom. The main characteristics of the available database
differential elastic-scattering cross sections and/or to
elastic-scattering cross sections available in the literature
shown in Table 1.

The theoretical models used for the calculation of atom
electron densities and/or atomic potentials are shown
Table 2. All of these models disregard electron correlatio
i.e., the fact that a single determinant is not the most gen
wave function for the set of atomic electrons. Correlation
partially accounted for in the so-called multiconfiguration
methods in which the trial function is approximated by
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linear combination of several Slater determinants co
sponding to a set of configurations with energies close to
of the ground state.

The potentials that are used in published calculations
elastic-scattering cross sections can be roughly classified
two groups:

~1! potentials resulting from the statistical model of t
atom, i.e. the Thomas–Fermi~TF! potential or the
Thomas–Fermi–Dirac~TFD! potential; and

~2! potentials derived for atoms from relativistic or nonre
tivistic Hartree–Fock self-consistent methods, e.g.,
relativistic Dirac–Hartree–Fock~DHF! potential ~Table
2! considered in the present work.

Elastic-scattering cross sections derived from the TFD
tential have been frequently used in theoretical descripti
~e.g., by Monte Carlo simulations! of electron transport in
solids.13–35Similar calculations have been made with elast
scattering cross sections from the DHF potential.36–45These
and related calculations have been performed for appl
tions in surface analysis by AES~incident electron energie
typically between 5 and 25 keV, and detected electron e
gies generally from 50 to 2500 eV! and XPS~detected elec-
tron energies typically from 200 to 1500 eV!, and in bulk and
thin-film analysis by EPMA~incident electron energies typ
cally between 5 and 30 keV! and AEM ~incident energies
typically between 50 and 300 keV!. Because self-consisten
calculations provide a more accurate description of ato
structure, we expect that elastic-scattering cross sect
based on the DHF potential will be more accurate than cr
sections calculated from the TFD potential. As a res
electron-transport calculations are expected to be more
able if the elastic-scattering cross sections were obta
from the DHF potential rather than from the TFD potenti
The question then arises as to the magnitude of the differe
between these cross sections, particularly in view of the
quent use of the latter cross sections.

We make systematic comparisons here of differen
elastic-scattering cross sections and of transport cross
tions ~derived from the differential cross sections as in
cated below! from the TFD and DHF potentials in order t
determine the magnitudes of differences in these cross
tions for a range of electron energies. These comparisons
made for six elements spanning a large range of atomic n
ber, Z, i.e., H (Z51), Al (Z513), Ni (Z528), Ag (Z
547), Au (Z579), and Cm (Z596). Most of the compari-
sons are made with cross sections obtained from two
tional Institute of Standards and Technology~NIST! data-
bases, one which provided cross sections from the T
potential10 and the other which provided cross sections fro
the DHF potential.12 These comparisons are made for ele
tron energies between 100 and 10 000 eV, the energy ra
common to both databases. Additional comparisons h
been made between cross sections from the latter data
and those from another NIST database11 for which the DHF
potential was also used but for which a different exchan
correction was applied. Comparisons were also made
-
at

f
to

e

-
s

-

a-

r-

ic
ns
ss
t,
li-
d

.
ce
-

l
ec-
-

c-
re
-

a-

D

-
ge
ve
ase

e
e-

tween differential cross sections from the TFD10 and DHF12

potentials and measurements of these cross sections fo
rare gases and mercury.

We begin with a description of calculations of differenti
elastic-scattering cross sections by the partial-wave exp
sion method~PWEM! in Sec. 2. Information on calculation
of differential cross sections from the TFD and DHF pote
tials is presented in Secs. 3 and 4, respectively. The trans
cross section, a useful parameter in descriptions of sig
electron transport in AES and XPS, is defined in Sec. 5.
present comparisons of the TFD and DHF potentials for
Al, Ni, Ag, Au, and Cm in Sec. 6. Differential cross section
for these elements from the TFD10 and DHF12 potentials are
presented and compared in Sec. 7 for electron energie
100, 500, 1000, and 10 000 eV. Similar comparisons are
made of differential cross sections from the DH
potential11,12 at energies of 1000 and 10 000 eV to exami
the effects of different exchange corrections in the calcu
tions. In addition, we compare calculated differential cro
sections from the TFD and DHF potentials with measu
cross sections for He, Ne, Ar, Kr, Xe, and Hg at selec
energies between 50 and 3000 eV. The latter comparison
made at energies for which there were two or more indep
dent experimental sets of data available. We present comp
sons of transport cross sections obtained from the TFD
DHF potentials in Sec. 8. In Sec. 9, we present comparis
of three quantities derived from differential cross sectio
that were obtained from the TFD and DHF potentia
elastic-backscattered intensities for an overlayer film on
surface; electron inelastic mean free paths determined by
elastic-peak electron spectroscopy method; and mean es
depths for signal electrons in AES and XPS. Finally, w
comment in Sec. 10 on the validity of differential cross se
tions for neutral atoms in the simulations of electron tra
port in solids. Our conclusions are presented in Sec. 11.

2. Calculation of Differential
Elastic-Scattering Cross Sections

by the Partial-Wave Expansion Method

Elastic collisions of electrons with atoms can be describ
by means of the so-called ‘‘static-field’’ approximation, i.e
as scattering of the projectile by the electrostatic field of
target atom. It is assumed that the atomic electron den
r(r ) as a function of radius,r, is spherically symmetric; for
atoms with open electron shells, this implies an average o
orientations. The potential energy of the projectile,V(r ), is
then also spherical. Exchange between the projectile and
atomic electrons can be accounted for approximately by a
ing a local correction to the electrostatic interaction. In no
relativistic ~Schrödinger! theory, the wave function describ
ing the scattering event is a distorted plane wave with
asymptotic form

c~r ! →
r→`

exp~ iK "r !1
exp~ iKr !

r
f ~u!, ~1!
J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004
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414414 JABLONSKI, SALVAT, AND POWELL
where r is the position vector,p5\K is the momentum of
the projectile, and\ is the reduced Planck’s constant. Th
first term in Eq.~1! represents the incident parallel monoe
ergetic electron beam, and the second term describes
trons deflected by the interaction with the scattering cen
The differential cross section~DCS! for the scattering is
completely determined by the scattering amplitudef (u).

In nonrelativistic theory, the distorted plane waves@Eq.
~1!# are solutions of the time-independent Schro¨dinger equa-
tion with the potentialV(r ). In the relativistic formulation
adopted here,c~r ! is a solution of the time-independen
Dirac equation with the same potential. To calculate
DCS, the distorted wave@Eq. ~1!# is expressed as a superp
sition of spherical waves~i.e., eigenfunctions of the tota
angular momentum! that are computed numerically by solv
ing the radial wave equation. In fact, only a series of
called phase shifts,d l , is required to determine the scatterin
amplitude and the DCS.

In the relativistic~Dirac! theory, the elastic-scattering dif
ferential cross section is expressed as46

dse /dV5u f ~u!u21ug~u!u2, ~2!

where f (u) and g(u) are the direct and spin-flip scatterin
amplitudes. These amplitudes are defined in terms of
phase shiftsd l

1 andd l
2 for spin-up and spin-down scattering

respectively

f ~u!5
1

2iK (
l

$~ l 11!@exp~2id l
1!21#

1 l @exp~2id l
2!21#%Pl~cosu!, ~3!

g~u!5
1

2iK (
l

@exp~2id l
2!2exp~2id l

1!#Pl
1~cosu!.

~4!

In Eqs. ~3! and ~4!, Pl(u) are Legendre polynomials, an
Pl

1(u) are the associated Legendre polynomials

Pl
1~z!5~12z2!1/2

dPl~z!

dz
.

In the nonrelativistic limit, i.e., for slow electrons,f (u) re-
duces to the Schro¨dinger scattering amplitude andg(u) van-
ishes. Equations~2!–~4! for central fields were first derived
by Mott,47 and the resulting DCS is sometimes referred to
the Mott cross section.

We provide information in the following two sections o
calculations of the phase shifts for the TFD and DHF pot
tials. These phase shifts fully characterize the elas
scattering event. Calogero48 proposed a formalism that pro
vides absolute values of the phase shifts. For
nonrelativistic case, he introduced the phase functiond l(r )
that approaches asymptotically the value of the phase sh
large distances from the nucleus

d l5 lim
r→`

d l~r !,
J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004
-
ec-
r.

e

-

e

s

-
-

e

at

and that is equal to zero at the nucleus. The relativistic ph
functiond l

6(r ) behaves in a similar manner. The phase fun
tion is described by a first-order differential equation w
the right-hand side expressed in terms of Riccati–Bes
functions. Integration of this differential equation, howev
is very slowly convergent, and the method cannot be rea
used for practical calculations.49

The reliability of the calculated DCSs is determine
mainly by the accuracy of the adopted interaction potent
Atomic potentials derived from statistical models, mostly t
Thomas–Fermi–Dirac model,50,51 are well described by
simple analytical expressions. Due to this fact, they ha
been frequently used in calculations of elastic-scatter
cross sections. Relativistic self-consistent calculations p
vide a more accurate description of the atomic structure;
relevant algorithms, however, can be very involved. For
databases of Refs. 9 and 12, atomic electron densities ca
lated with the multiconfiguration Dirac–Hartree–Fock co
of Desclaux52 were used. This code provides advanc
atomic-structure calculations that account for exchange
relativistic effects in a consistent way. The program is
implementation of the multiconfigurational model mention
above. In fact, one should refer to it as the multiconfigurat
Dirac–Fock model. We also note here that coupling betw
elastic and available inelastic channels has generally b
ignored in DCS calculations. Such coupling could occur,
example, at energies near thresholds for inner-shell exc
tion and lead to negative-ion inner-shell resonances in
elastic channel. The calculated DCSs~e.g., in Refs. 10 and
12! may then have larger uncertainties at energies wh
such coupling can occur.

3. Phase Shifts Calculated
from the Thomas–Fermi–Dirac Potential

3.1. Differential Equation

Lin et al.53 and Bunyan and Schonfelder54 developed an
effective algorithm for calculations of relativistic differentia
elastic-scattering cross sections. Details of the correspon
calculations, with the TFD potential to describe the electro
atom interaction, were published by Jablonski22 and by
Jablonski and Tougaard.55 Elastic-scattering cross section
derived from this algorithm have been successfully used
numerous studies of elastic interactions of electrons w
solids;22,27–33cross sections obtained in a similar way ha
also been applied to problems of the same type.13–21,23–26

Elastic-scattering cross sections derived from the TFD po
tial were made available in two versions of a NIST elast
scattering cross-section database.8,10The main features in the
calculations of phase shifts for determination of these cr
sections are briefly described below.

The Dirac equation for an electron interacting with t
atomic potentialV(r ) can be reduced to a first-order diffe
ential equation53,54
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TABLE 1. Main characteristics of published databases containing differential and/or total elastic-scattering cross sections

Authors Ref. Theoretical model Potential
Energies

~eV! Elements

M. Fink and A. C. Yates 1 Relativistic PWEM Relativistic Hartree–Fock–Slatera 100–1500 H, He, C, Ne, Ar,
Kr, Rb, Xe, Cs, Au,
Hg, Pb, Bi

M. Fink and J. Ingram 2 Relativistic PWEM Relativistic Hartree–Fock–Slatera 100–1500 Be, N, O, Al, Cl, V,
Co, Cu, As, Nb, Ag,
Sn, Sb, I, Ta

D. Gregory and M. Fink 3 Relativistic PWEM Relativistic Hartree–Fock–Slatera

Nonrelativistic
Hartee–Fockb

100–1500 Li, Na, Mg, P, K,
Ca, Sc, Mn, Ga, Br,
Sr, Mo, Rh, Cd, Ba,
W, Os

M. E. Riley,
C. J. MacCallum,
and F. Biggs

4 Relativistic PWEM Relativistic Harteree–Fockc

Nonrelativistic
Hartree–Fockd

1000–256 000 He, Be, C, N, O, F,
Ne, Al, Si, Ar, Ti
Fe, Ni, Cu, Kr, Mo,
Ag, Sn, Xe, Ta, Au,
Hg, Pb, U
Fits made for 80
elements

L. Reimer and B. Lo¨dding 5 Relativistic PWEM
WKB methodj

Hartree–Fockf 1000–100 000 C, Al, Si, Ti, Fe,
Cu, Ge, Mo, Ag,
Sb, Au, Pb, U

Thomas–Fermi–Dirace

Z. Czyzewski,
D. O. MacCallum,
A. Romig, and D. C. Joy

6 Relativistic PWEM Thomas–Fermi–Dirace

Hartree–Fockf

Relativistic
Hartree–Fockg

20–20 000 All elements~from
internet site!

M. J. Berger,
S. M. Seltzer, R. Wang,
R. Wang, and A. Schechter

7 Relativistic PWEM Dirac–Hartree–Fockh 1000–1 000 000 All elements~using
enclosed software!.
Tables for
H, He, Be, C, N, O,
Ne, Al, Si, Ar, Ti,
Fe, Cu, Ge, Kr, Mo,
Ag, Xe, Ta, W, Au,
Pb, U

A. Jablonski
and S. Tougaard

8 Nonrelativistic PWEM
Relativistic PWEM

Thomas–Fermi–Dirace,i 50–9999 All elements

R. Mayol and F. Salvat 9 Relativistic PWEM Dirac–Hartree
Fockh

100–100 000 000 All elements

A. Jablonski
and C. J. Powell

10 Relativistic PWEM Thomas–Fermi
Dirace,i

50–20 000 All elements

M. J. Berger
and S. M. Seltzer

11 Relativistic PWEM
WKB methodj

Dirac–Hartree–Fockh 1000–100 000 000 All elements~using
enclosed software!

A. Jablonski, F. Salvat,
and C. J. Powell

12 Relativistic PWEM Dirac–Hartree–Fockh 50–300 000 All elements

aD. Liberman, J. T. Waber, and D. T. Cromer, Phys. Rev.137, A27 ~1965!; R. D. Cowan, A. C. Larson, D. Liberman, J. B. Mann, and J. Waber, Phys. R
144, 5 ~1966!.

bE. Clementi,Tables of Atomic Functions~International Business Machines Corp., San Jose, CA., 1965!.
cJ. B. Mann and J. T. Waber, At. Data5, 201 ~1973!.
dJ. B. Mann, At. Data Nucl. Data Tables12, 1 ~1973!.
eR. A. Bonham and T. G. Strand, J. Chem. Phys.39, 2200~1963!.
fH. L. Cox and R. A. Bonham, J. Chem. Phys.47, 2599~1967!.
gA. W. Ross and M. Fink, J. Chem. Phys.85, 6810~1986!.
hJ. P. Desclaux, Comput. Phys. Commun.9, 31 ~1975!.
iL. H. Thomas, J. Chem. Phys.22, 1758~1954!; A. Jablonski, Physica A183, 361 ~1992!.
jWentzel–Kramers–Brillouin.
J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004
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TABLE 2. Theoretical models used for calculations of the atomic electron density or the atomic poten

Name~s! and abbreviation Short description

Thomas–Fermi~TF! Statistical model. The electron cloud is
considered as a locally homogeneous electron gas
confined by the screened field of the nucleus.

Thomas–Fermi–Dirac~TFD! Modification of the TF model that includes the
effect of electron exchange using the exchange
energy density derived by Dirac.

Hartree~H! The simplest self-consistent method.
Nonrelativistic. The Hartree equations are
obtained from the variational method with a trial
function equal to the~nonantisymmetrized!
product of orbitals.

Hartree–Fock~HF! Nonrelativistic. The HF equations are obtained by
applying the variational method with a trial
function expressed as a single Slater determinant,
i.e., as the antisymmetrized product of orbitals.
The antisymmetry of the wave function accounts
for electron exchange effects in a systematic way.

Hartree–Fock–Slater~HFS!
or Hartree–Slater~HS!

Nonrelativistic. The exchange potential in the HF
equations is replaced by the local approximation
of the Slater~proportional tor1/3, similar to the
Dirac correction in the TFD model!. The resulting
equations are much simpler to solve than the
H and HF equations.

Dirac–Hartree–Fock~DHF!
or Dirac–Fock~DF!

Relativistic version of the HF method. Includes
exchange in the natural way, i.e., the wave
function is a Slater determinant with orbitals that
are solutions of the Dirac equation with a
nonlocal exchange operator.

Dirac–Hartree–Fock–Slater~DHFS!
or Dirac–Fock–Slater~DFS!

Relativistic version of the HFS or HS method;
usually the nonrelativistic local exchange
potential of Slater is adopted
ffi

nits

,

dF l
6~r !

dr
5

k6

r
sin@2F l

6~r !#1@W2V~r !#

2cos@2F l
6~r !#, l 50,1,2,..., ~5!

whereW is the total energy of the electron, and the coe
cientsk6 are defined as follows

k152~ l 11! for the ‘‘spin-up’’ case, j 5 l 1 1
2,
l
n

. Data, Vol. 33, No. 2, 2004
-

k25 l for the ‘‘spin-down’’ case, j 5 l 2 1
2.

The system of units is such that energy is expressed in u
of mc2 and lengthr is expressed in units of\/(mc), where
m is the electron mass andc is the velocity of light in
vacuum. For each quantum numberl, there are two solutions
F1(r ) andF2(r ), which are related to thelth order spin-up
and spin-down phase shifts,d l

6

d l
65tan21

K j l 11~Kr !2 j l~Kr !@~W11!tanF l
61~11 l 1k6!/r #

Knl 11~Kr !2nl~Kr !@~W11!tanF l
61~11 l 1k6!/r #

, ~6!
of
where K25W221, j l(x) and nl(x) are spherical Besse
functions, andF l

6 is the asymptotic value of the solutio
F l

6(r )

F l
65 lim

r→`

F l
6~r !.

The expression on the right-hand side of Eq.~6! is calculated
for values ofr for which V(r )50.53 The Thomas–Fermi–
Dirac potential has a finite maximum radiusr 0 , and Eq.~6!
is evaluated for this radius~see Sec. 3.4!. The Sarafyan–
Butcher embedding formula56 was found to be very effective
for integrating Eq.~5!.

3.2. Interaction Potential

The interaction potential,V(r ), was approximated by the
Thomas–Fermi–Dirac potential. The simple analytical fit
Bonham and Strand57 was used in the calculations
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V~r !52
Ze2

r
C~r !, ~7!

wheree is the electronic charge and

C~r !5(
i 51

3

pi exp~2qir ! ~8!

is the screening function, i.e., the function that takes i
account the screening by the atomic electrons. In Eq.~8!, pi

andqi are fitted parameters that depend on the atomic n
ber. Jablonski58 has shown that this expression well describ
the TFD potential for all elements except hydrogen. For t
element, the fitted parameterspi and qi published by
Jablonski58 are recommended.

3.3. Initial Condition for Integration

The initial value of the solutionF l
6(r ) for small r has

been calculated from the series expansion
s

tia

a

o

-
s
s

F l
6~r !5F01F1r 1F2r 21F3r 31¯ .

The coefficientsF0 , F1 , F2 , andF3 were derived by Bu-
nyan and Schonfelder54

sin~2F0!52Z0 /k6,

F15
W1Z12cos~2F0!

122k6 cos~2F0!
,

F25
2F1 sin~2F0!~12k6F1!1Z2

222k6 cos~2F0!
,

F35
2F2 sin~2F0!~122k6F1!12F1

2 cos~2F0!~12 3
2k

6F1!1Z3

322k6 cos~2F0!
,

10
y to

V,
han
where the parametersZ0 , Z1 , Z2 , andZ3 are the coefficients
of the series expansion of the potentialV(r ) for small values
of r

V~r !52
1

r
~Z01Z1r 1Z2r 21Z3r 31¯ !.

3.4. Upper Limit of Integration

The TFD potential has a finite maximum radius,r 0 . For
this reason, the integration of Eq.~5! was performed up to
the radiusr 5r 0 . Values ofr 0 were taken from compilations
published by Thomas59 and Jablonski.58

The r 0 values are independent of electron energy. For
lected elements, these values~in units of the Bohr radius,a0)
are as follows58,60

for Z51 r 052.975,

for Z513 r 054.156,

for Z528 r 054.442,

for Z547 r 054.614,

for Z579 r 054.771,

for Z596 r 054.826.

3.5. Phase Shifts

A considerable number of phase shiftsd l
6 was found to be

necessary to reach sufficient accuracy of the differen
elastic-scattering cross section calculated from Eqs.~2!–~4!.
For energies up to 10 keV, the partial-wave series w
e-

l

s

summed with an accuracy of eight decimal places. At
keV, the following numbers of phase shifts were necessar
reach this accuracy

for Z51 0< l<95,

for Z513 0< l<126,

for Z528 0< l<133,

for Z547 0< l<137,

for Z579 0< l<141,

for Z596 0< l<142.

In the energy range 10 keV,E<20 keV, the summation was
performed with an accuracy of six decimal places. At 20 ke
the number of needed phase shifts was distinctly larger t
for 10 keV

for Z51 0< l<131,

for Z513 0< l<175,

for Z528 0< l<183,

for Z547 0< l<191,

for Z579 0< l<196,

for Z596 0< l<199.
J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004
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3.6. Special Functions

The algorithm used for calculating the elastic-scatter
cross sections requires routines to provide the special fu
tions j l(x), nl(x), Pl(x), andPl

1(x) @Eqs.~3!, ~4!, and~6!#.
Care was taken to ensure that these functions were calcu
with an accuracy of ten decimal places for 0< l<200. De-
tails of the analysis and the resulting algorithm for calcul
ing the function j l(x) have been published separately.60 A
similar analysis was made for the remaining special fu
tions ~see Jablonski and Tougaard9!.

4. Phase Shifts Calculated
from the Dirac–Hartree–Fock Potential

The calculation of phase shifts~and thus the elastic
scattering DCSs! from the Dirac–Hartree–Fock potential e
sentially follows the scheme described by Salvat a
Mayol.61

4.1. Differential Equation

The phase shiftsd l
6 are obtained from the larger behavior

of the radial wave functions,Pl
6(r ) and Ql

6(r ), which are
calculated by integrating the radial Dirac equations

dPl
6

dr
52

k6

r
Pl

6~r !1
E2V12mc2

c\
Ql

6~r !, ~9a!

dQl
6

dr
52

E2V

c\
Pl

6~r !1
k6

r
Ql

6~r !, ~9b!

whereE is the kinetic energy of the projectile that is relat
to its total energyW by E5W2mc2. The solution algorithm
implements Bu¨hring’s power series method62 and is based on
a cubic-spline interpolation of the potential functionrV(r )
that is tabulated on a dense grid ofr values

r 150,r 2¯,r N21,r N . ~10!

That is, between each pair of consecutive grid points,r n and
r n11 , the potential function,rV(r ), is represented as
piecewise cubic polynomial inr

rV~r !5an1bnr 1cnr 21dnr 3. ~11!

Then, in the interval (r n ,r n11), the radial functions can be
formally expressed by the power series

Pl
6~r !5r a(

i 50

`

pir
i

and

Ql
6~r !5r b(

i 50

`

qir
i , ~12!

with coefficients determined by the values ofPl
6(r n) and

Ql
6(r n) at the end point of the interval~see Salvat and

Mayol63!. As these series expansions can be summed u
J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004
g
c-
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-

-

d

to

the required accuracy~nine significant digits in the corre
sponding PWEM code!, truncation errors are practicall
avoided.

4.2. Interaction Potential

The interaction potential is defined as

V~r !52ew~r !1Vexc~r !, ~13!

wherew(r ) is the electrostatic potential of the target atom

w~r !5
Ze

r
2eS 1

r E0

r

r~r 8!4pr 82dr 81E
r

`

r~r 8!4pr 8dr 8D ,

~14!

and wherer(r ) is the atomic electron density which wa
calculated using the self-consistent DHF code of Desclau52

The termVexc(r ) in Eq. ~13! is a local approximation to
the exchange interaction between the projectile and the e
trons in the target; it should not be confused with the e
change interaction considered in the TFD model and in s
consistent calculations that accounts for exchange betw
atomic electrons. We use the exchange potential of Furn
and McCarthy64

Vexc~r !5
1

2
@E1ew~r !#

2
1

2 H @E1ew~r !#214p
\2e2

m
r~r !J 1/2

.

~15!

The interaction potential@Eq. ~13!# is thus completely deter
mined by the atomic densityr(r ).

4.3. Initial Condition for Integration

The integration of the radial equations is started fromr
50, with boundary values

Pl
6~0!50,

and

Ql
6~0!50. ~16!

In the first r interval from r 150 to r 2 @Eq. ~10!#, the con-
stantsa andb are different from zero and are determined
the angular-momentum quantum numbers~see Salvat and
Mayol63!. For the outer intervals (r .r 2), a5b50.

4.4. Upper Limit of Integration

After determining the values of the radial functions atr 2 ,
the solution is extended outwards by using the series exp
sions Eq.~12! ~with a5b50! up to a certain radial distance
r max, large enough to ensure that the potential energy of
electronV(r ) is negligible as compared to its kinetic energ
E. For selected elements and at an energy of 10 keV,
maximum ranges were the following~in a0 units!
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419419ELECTRON ELASTIC-SCATTERING CROSS SECTIONS
for Z51 r max512.27,

for Z513 r max520.15,

for Z528 r max517.85,

for Z547 r max519.37,

for Z579 r max517.11,

for Z596 r max521.54.

At 20 keV

for Z51 r max511.96,

for Z513 r max519.75,

for Z528 r max517.48,

for Z547 r max518.80,

for Z579 r max516.74,

for Z596 r max521.13.

We see that these ranges are considerably larger than
maximum radius,r 0 , of the TFD potential in Sec. 3.4.

4.5. Phase Shifts

At sufficiently large distancesr, the radial functionPl
6(r )

adopts the asymptotic form

Pl
6~r !> sinS Kr 2 l

p

2
1d l

6D , ~17!

where

\K5
1

c
AE~E12mc2! ~18!

is the momentum of the projectile. Equation~17!, which con-
fers a geometrical meaning to the phase shift, is not dire
usable to computed l

6 becausePl
6(r ) reaches the form given

by Eq. ~17! only at distancesr that may be much larger tha
r max. Instead, the phase shift is obtained from the calcula
values of the radial functions atr max by matching the nu-
merical solution to the exact solution forr .r max(V50) that
can be expressed as a linear combination of spherical Be
functions j k(Kr ) andnk(Kr ) with indicesk5 l , l 61.59

The DHF potential requires a considerably larger num
of phase shifts than the TFD potential. At 10 keV, we ha

for Z51 0< l<221,

for Z513 0< l<386,

for Z528 0< l<343,

for Z547 0< l<369,

for Z579 0< l<325,

for Z596 0< l<422.

At 20 keV
the

ly

d

sel

r

for Z51 0< l<307,

for Z513 0< l<538,

for Z528 0< l<478,

for Z547 0< l<514,

for Z579 0< l<452,

for Z596 0< l<589.

4.6. Special Functions

The only special functions used in calculations of t
DCSs for the DHF potential are the spherical Bessel fu
tions j l(x) andnl(x). The algorithm used to compute thes
functions combines several analytical expressions and re
rence relations, and yields results that are accurate to 1
more significant digits for ranges ofl and x values used in
the present calculations.65

5. Transport Cross Section

Values of the transport cross section are needed in
analytical formalism describing signal-electron transport
AES and XPS.66,67 Determination of numerous paramete
related to this application~e.g., depth distribution function
for the signal electrons,68–70effective attenuation length,70–72

signal-electron mean escape depth,31 information depth,73

etc.! requires knowledge of the transport cross section v
ues.

The transport cross section~TCS! is defined as the quo
tient of the fractional momentum loss of a particle incide
on the sample arising from elastic scattering by the ar
density of the sample atoms, for an infinitesimally th
sample.74 This cross section is expressed as an area per a
In other words, the transport cross section describes the m
fractional momentum loss with respect to initial directio
due to the elastic scattering alone. Let us denote byk the
electron momentum before elastic scattering, and byk8 the
projection on the initial direction of the momentum aft
elastic scattering. Obviously,k85k cosu. Let us further de-
note the fractional momentum loss, due to elastic scatte
alone, by

Dk5
uk2k8u

uku
.

We may consider the transport cross section,s tr , as the
product of the total elastic-scattering cross section,sel , and
the mean fractional momentum loss,^Dk&

s tr5sel̂ Dk&5sel

*4pDk~ds/dV!dV

*4p~ds/dV!dV
. ~19!

Equation~19! can be transformed to

s tr52pE
0

p

~12cosu!~ds/dV!sinu du. ~20!
J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004



er
le
ep
e
nd
nc

le
he
io
ta
c
d
n

-
-

t

.
t
.
th

sh
ad
ia
th
e
e

ie

n
a
si

tic
H
e

ris
six

ng
D

re

ent
ons
gies
d
for

pe

for

the
the
ver,
to
r a
er-
om

nc-
red

ly,
ilar
the

re

w-
tial
ized

es.
ski

no-
es

y-
are
n-

de-
has

420420 JABLONSKI, SALVAT, AND POWELL
As indicated frequently in the literature,6,22,33,58a change of
the atomic potential~e.g., from the TFD potential to the DHF
potential! can produce a pronounced variations of the diff
ential cross section in the range of small scattering ang
Differences in the remaining angular range, with the exc
tion of deep minima in the DCS, are rather small. Howev
the value of the DCS in the region of minima is small, a
thus the DCS in this region does not appreciably influe
the TCS. In the integrand of Eq.~20!, we have two functions
approaching zero in the region of small scattering ang
sinu and ~12cosu!. Consequently, we may expect that t
sensitivity of the transport cross section to the interact
potential will be much weaker than the sensitivity of the to
elastic-scattering cross section. It has been shown in a re
work that, indeed, values of the transport cross section
pend only weakly on the potential for different elements a
for a wide range of electron energies.33

6. Comparison of TFD and DHF Potentials

Figures 1~a!–1~f! show the TFD screening function calcu
lated from Eq.~8! and the electrostatic part of the DHF in
teraction potential,rw(r )/Ze, calculated from Eq.~14! for
H, Al, Ni, Ag, Au, and Cm. The TFD potential is plotted ou
to the atomic radiusr 0 ~Sec. 2.4!. The DHF potential is
shown only out to a distance of 6 Bohr radii~6 a.u.! which is
slightly larger than the radiir 0 for the considered elements

We see that both potentials agree well for small radii, up
1 a.u., where the screening function has its largest values
larger distances, there is a growing difference between
two potentials. There seems to be no systematic relation
between the potentials. There are different ranges of r
where the TFD potential is larger than the DHF potent
while in other ranges the DHF potential is larger than
TFD potential. The lack of clear trends in the differenc
between the TFD and DHF potentials can be partially und
stood by recalling that the TFD electron density var
monotonically with the atomic numberZ, whereas the DHF
density is affected by ‘‘shell’’ effects, i.e., the contributio
from each shell has a characteristic shape with maxima
minima. As a result, the shape of the atomic electron den
varies from one element to the next.

7. Comparisons of Differential
Elastic-Scattering Cross Sections

We present a series of comparisons of differential elas
scattering cross sections calculated from the TFD and D
potentials and of these computed cross sections with m
sured cross sections. First, we make a systematic compa
of DCSs calculated from the TFD and DHF potentials for
elements~H, Al, Ni, Ag, Au, and Cm! at four representative
electron energies~100, 500, 1000, and 10 000 eV!. These
cross sections were obtained from Version 2.010 and Version
3.0,12 respectively, of the NIST Electron Elastic-Scatteri
Cross-Section Database. Second, we comment on the
J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004
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values from the two potentials for H. Third, we compa
DCSs from two NIST databases11,12for which the same DHF
potential was used in the calculations but where differ
numerical procedures were employed. These comparis
were made for the same six elements at two electron ener
~1000 and 10 000 eV!. Finally, we compare DCSs calculate
from the TFD and DHF potentials with measured DCSs
seven elements~He, Ne, Ar, Kr, Xe, Au, and Hg!.

7.1. Comparisons of Differential Cross Sections
Obtained from the TFD and DHF Potentials

A change of the potential leads to variations in the sha
of the calculated differential cross sections~DCSs!.6,8,22,33,58

However, comparisons of DCSs have been made only
selected cases. For example, Jablonski and Powell33 showed
that the largest differences between DCSs resulting from
Dirac–Hartree–Fock–Slater and TFD potentials occur in
range of small scattering angles; this comparison, howe
was limited to a single energy of 1000 eV. We intend here
systematically analyze the differences between DCSs fo
wide range of atomic numbers and for a wide range of en
gies. Let us consider now the cross sections resulting fr
the two described algorithms.

Figures 2–7 show the differential cross sections, as fu
tions of scattering angle, calculated for the six conside
elements at electron energies,E, of 100, 500, 1000, and
10 000 eV using the TFD and DHF potentials. Qualitative
the cross sections from the two potentials have sim
shapes and have similar magnitudes. At low energies,
DCSs exhibit one or more minima~with the exception of
hydrogen!. The energy range over which the minima a
present depends on the atomic number (E,690 eV for Al,
E,2600 eV for Ni, E,6600 eV for Ag,E,24 000 eV for
Au, andE,48 000 eV for Cm!. Both potentials lead to the
same number of minima~for a given element and energy!,
and their positions depend only slightly on potential. Ho
ever, there are pronounced differences in the differen
cross sections for the two potentials that can be summar
as follows:

~1! In most cases~Al, Ag, Au, and Cm!, pronounced devia-
tions are visible in the range of small scattering angl
This result is consistent with observation of Jablon
and Powell33 at 1000 eV.

~2! Considerable differences between DCS values are
ticeable in the vicinity of deep minima. Such differenc
may exceed more than 1 order of magnitude@see the
DCS values for Ni at 100 eV in Fig. 4~a!#.

~3! We see slight oscillations in the DCSs calculated for h
drogen using the TFD potential. These oscillations
not visible in the DCSs calculated from the DHF pote
tial.

~4! The deviations between the cross sections tend to
crease with increase of electron energy. This result
also been reported by Jablonski.22
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421421ELECTRON ELASTIC-SCATTERING CROSS SECTIONS
A useful measure of the difference between cross sect
for the two potentials is the relative percentage deviation.
us define this deviation,DDCS, by

DDCS5100~DCSrel
TFD2DCSrel

DHF!/DCSrel
DHF, ~21!

where DCSrel
TFD and DCSrel

DHF denote the relativistic differen
tial elastic-scattering cross sections calculated from the T
and DHF potentials, respectively. The relative deviatio
DDCS for H, Al, Ni, Ag, Au, and Cm at 100, 500, 1000, an
10 000 eV are shown in Figs. 8–13. We see that the de
tions in the region of small scattering angles may reach e
70% ~e.g., Al or Cm at 100 eV!. These deviations are ass
ciated with the ‘‘tail’’ of the scattering potential for larg
radii. For example, the DHF potential for Al is larger tha
the TFD potential for radii greater than about 1 Bohr rad
@cf. Fig. 1~b!#, and consequently the DCS calculated from t
DHF potential is larger than the DCS from the TFD potent
for small scattering angles~see Figs. 3 and 9!. The largest
percentage deviations, however, occur in the region of d
minima in the DCSs~Figs. 3–7!, where the deviations ma
reach even 400%. For other scattering angles, the devia
depend on energy, and usually do not exceed 20%. F
given atom, the deviations decrease with increasing elec
energy due to the increasing number of partial waves c
tributing to the DCS. As each partial wave correspon
roughly to a particular impact parameter, the whole volu
of the atom is explored in great detail at the higher energ
by the projectile wave function. As a result, the project
experiences an average potential that is nearly the sam
the DHF and TFD potentials. For H, the oscillations in t
TFD DCSs are amplified when plotting the deviatio
DDCS. As one can see in Fig. 8, the number of oscillatio
depends on energy, reaching 26 at 10 keV.

DCSs from the TFD and DHF potentials for addition
elements are presented in Sec. 7.4 where comparison
made with measured DCSs.

7.2. Differential Cross Sections for Hydrogen

Let us compare the phase shiftsd l
1 calculated for hydro-

gen from the TFD and DHF potentials. The results are sho
in Fig. 14. At all considered energies, the phase shifts ag
reasonably well up to a certain value of the angular mom
tum quantum numberl 5 l 0 . For largerl values, values ofd l

1

calculated for the TFD potential decrease sharply while
phase shifts for the DHF potential decrease exponenti
over a wide range ofl. The oscillations in the DCS potentia
arise from the fact that there is not a sufficient number
Legendre functions in the series expressed by Eqs.~3! and
~4!.

The most conspicuous difference between the TFD and
DHF potentials is that the former drops to zero atr 5r 0 ,
whereas the DHF potential approaches zero asymptotic
~i.e., for r→`, cf. Fig. 1!. The finite range of the TFD po
tential has a direct influence on the phase shifts. On class
grounds, we expect the phase shifts for the TFD potentia
ns
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vanish forl . l 0 , wherel 0\ is the angular momentum of th
projectile corresponding to the impact parameterr 0 , i.e.,

l 05
pr0

\
>A 2E

27.21

r 0

a0
, ~22!

where p5\K is the momentum of the projectile, and th
kinetic energyE is expressed in units of eV. This situation
illustrated in Fig. 14 which displays phase shifts for scatt
ing by hydrogen atoms obtained from the TFD (r 0

52.97a0) and DHF potentials. The TFD phase shifts a
seen to fall rapidly forl values of aboutl 0 , as predicted by
the classical picture. As the partial-wave series for the T
potential effectively converges with aboutl 0 terms, the dif-
ference between the TFD and DHF DCSs has an oscilla
structure~see Figs. 2 and 8!, and the number of oscillation
increases withE.

7.3. Comparisons of Differential Cross Sections
Obtained from Different Evaluations

with the DHF Potential

As shown in Secs. 7.1 and 7.2, differences between D
~for the same element and energy! can be mainly ascribed to
two sources:

~1! differences between atomic potentials used in the ca
lations, and

~2! differences in the maximum radius of the potential u
lized in the calculations.

We expect, however, that other factors could contribute
the observed differences. One possible factor could be dif
ences among algorithms used for calculating the phase sh
in particular, differences in numerical procedures used
integrating the differential equation. The resulting DCS d
ferences can to a large extent be controlled, e.g., by vary
the integration step. In the present analysis, the algori
described in Sec. 4 was used in calculations of the ph
shifts for the TFD potential. The results obtained were
agreement to within 3–4 decimal places with results fro
the algorithm described in Sec. 3. Thus, we expect that s
errors are not significant here. A second factor for differen
in DCSs could be associated with different approximatio
used for the exchange interaction, which in the calculatio
with the DHF potential is accounted for by the local appro
mation @Eq. ~15!# and is neglected in the DCS calculation
using the TFD potential@Eq. ~7!#. A final factor could be
related to the interpolation procedure that is needed in
program running the database, i.e., to provide DCS value
finer intervals of electron energy and scattering angle t
those used for the main DCS calculations. Considerable
viations ~particularly relative deviations! could occur in the
regions of deep minima in the DCSs as a result of limitatio
of the interpolation procedure.

To examine changes in DCSs that arise from reasons o
than the potentials, we decided to compare DCSs provi
by two NIST databases listed in Table 1:
J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004
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422422 JABLONSKI, SALVAT, AND POWELL
FIG. 1. Comparison of screening func
tions corresponding to the potential
used in calculations of the differentia
elastic-scattering cross sections as
function of radial distance~in units of
the Bohr radius,a0): ~solid line! the
DHF potential;~dashed line! the TFD
potential:~a! hydrogen;~b! aluminum;
~c! nickel; ~d! silver; ~e! gold; and~f!
curium. Note the finite range of the
TFD potential.
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ies:
~1! the Berger and Seltzer database,11 and
~2! the Jablonski, Salvat and Powell database.12

The DCSs in each database were calculated using the s
DHF potential~for each atom!. Different numerical methods
however, were used for calculating the DCSs. In additi
the exchange corrections adopted in the two databases
different. Berger and Seltzer11 used a high-energy approx
mation from Riley and Truhlar75 @Eq. ~9a! in Ref. 11#,
whereas Jablonskiet al.12 used the exchange correction
J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004
me

,
are

Furness and McCarthy64 @Eq. ~15!#. As shown by Riley and
Truhlar,75 their high-energy approximation is the lowes
order term in the expansion of the Furness–McCarthy loc
exchange potential in powers of the inverse kinetic energy
the projectile. Therefore, at low energies, the Furnes
McCarthy potential is expected to yield more accurate ph
shifts and DCSs.

Since the lowest energy in the Berger and Seltzer datab
is 1 keV, our DCS comparisons were made for two energ



423423ELECTRON ELASTIC-SCATTERING CROSS SECTIONS
FIG. 2. Differential elastic-scattering cross sections, ds/dV, calculated for hydrogen for two potentials as a function of scattering angle:~solid line! DHF
potential;~dashed line! TFD potential:~a! energy of 100 eV;~b! energy of 500 eV;~c! energy of 1000 eV; and~d! energy of 10 000 eV.

FIG. 3. Differential elastic-scattering cross sections, ds/dV, calculated for aluminum for two potentials as a function of scattering angle:~solid line! DHF
potential;~dashed line! TFD potential:~a! energy of 100 eV;~b! energy of 500 eV;~c! energy of 1000 eV; and~d! energy of 10 000 eV.
J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004



424424 JABLONSKI, SALVAT, AND POWELL
FIG. 4. Differential elastic-scattering cross sections, ds/dV, calculated for nickel for two potentials as a function of scattering angle:~solid line! DHF potential;
~dashed line! TFD potential:~a! energy of 100 eV;~b! energy of 500 eV;~c! energy of 1000 eV; and~d! energy of 10 000 eV.

FIG. 5. Differential elastic-scattering cross sections, ds/dV, calculated for silver for two potentials as a function of scattering angle:~solid line! DHF potential;
~dashed line! TFD potential:~a! energy of 100 eV;~b! energy of 500 eV;~c! energy of 1000 eV; and~d! energy of 10 000 eV.
J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004



425425ELECTRON ELASTIC-SCATTERING CROSS SECTIONS
FIG. 6. Differential elastic-scattering cross sections, ds/dV, calculated for gold for two potentials as a function of scattering angle:~solid line! DHF potential;
~dashed line! TFD potential:~a! energy of 100 eV;~b! energy of 500 eV;~c! energy of 1000 eV; and~d! energy of 10 000 eV.

FIG. 7. Differential elastic-scattering cross sections, ds/dV, calculated for curium for two potentials as a function of scattering angle:~solid line! DHF
potential;~dashed line! TFD potential:~a! energy of 100 eV;~b! energy of 500 eV;~c! energy of 1000 eV; and~d! energy of 10 000 eV.
J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004
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426426 JABLONSKI, SALVAT, AND POWELL
FIG. 8. Percentage differences betwee
differential elastic-scattering cross sec
tions, DDCS, calculated for hydrogen
from Eq. ~18! for the TFD and DHF
potentials as a function of scatterin
angle,u: ~a! energy of 100 eV;~b! en-
ergy of 500 eV;~c! energy of 1000 eV;
and ~d! energy of 10 000 eV.
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1 and 10 keV. Generally, the observed deviations are m
smaller than those found in comparisons of DCSs from
TFD and DHF potentials that were considered in Sec. 7
The differences are not visible in semilogarithmic plo
showing the DCSs as functions of scattering angle~such as
Figs. 2–7!; the plots seem to be identical within the thickne
of the lines. Thus, as a measure of relative deviations,
used an expression similar to Eq.~22!

DDCS5100~DCSBS
DHF2DCSJSP

DHF!/DCSJSP
DHF, ~23!

where DCSBS
DHF is the differential elastic-scattering cross se

tion taken from the Berger and Seltzer database, and DCSJSP
DHF

is the differential elastic-scattering cross section taken fr
J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004
h
e
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the Jablonski, Salvat, and Powell database. Plots ofDDCS
are shown as a function of scattering angle for H, Al, Ni, A
Au, and Cm at the two energies in Fig. 15. We see that
elements and energies where there are no pronoun
minima in the DCSs~Figs. 2–7!, the differences between
cross sections are very small. For H, Al, Ni, and Ag, t
differences do not exceed 0.02% for most scattering ang
Slightly larger deviations are observed for scattering ang
near 180° where the deviation reaches20.28% for hydrogen
at 10 000 eV. A common feature of Figs. 15~a!–15~d! is a
fine oscillatory structure. This is probably due to the differe
number ofl terms in the partial-wave series used in the c
culations of DCSs. For high-atomic-number elements,
n
-

g

FIG. 9. Percentage differences betwee
differential elastic-scattering cross sec
tions,DDCS, calculated for aluminum
from Eq. ~18! for the TFD and DHF
potentials as a function of scatterin
angle,u: ~a! energy of 100 eV;~b! en-
ergy of 500 eV;~c! energy of 1000 eV;
and ~d! energy of 10 000 eV.
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427427ELECTRON ELASTIC-SCATTERING CROSS SECTIONS
FIG. 10. Percentage differences be
tween differential elastic-scattering
cross sections,DDCS, calculated for
nickel from Eq.~18! for the TFD and
DHF potentials as a function of scat
tering angle,u: ~a! energy of 100 eV;
~b! energy of 500 eV;~c! energy of
1000 eV; and~d! energy of 10 000 eV.
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oscillations are much less pronounced. However, the de
tions are larger than for low- and medium-atomic-numb
elements. For gold, the largest deviation is20.3%, and for
curium 61%. Furthermore, the largest deviations observ
for Au and Cm at 1000 eV occur in the same positions as
deep minima in the DCSs.

We find that the DCSs from the two databases conside
are practically equivalent. For the low- and medium-atom
number elements, the agreement is within 3–4 deci
places. Larger deviations, observed for high-atomic-num
elements, should be ascribed to the different exchange po
tials used in the respective algorithms. Some part of the
a-
r

d
e

d
-
al
er
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e-

viations might possibly be due to numerical round-off erro
and interpolation errors. These contributions, however,
not seem to be significant.

An obvious question arises as to the magnitude of
contribution to the DCS due to the exchange correction.
evaluate this contribution, the algorithm described in Sec
has been used in calculations of the DCSs that include
neglect the exchange correction@cf. Eq.~13!#. The deviations
between calculated DCSs were determined from an equa
similar to Eq.~23!

DDCS5100~DCSnexc
DHF2DCSexc

DHF!/DCSexc
DHF, ~24!
-

-

FIG. 11. Percentage differences be
tween differential elastic-scattering
cross sections,DDCS, calculated for
silver from Eq.~18! for the TFD and
DHF potentials as a function of scat
tering angle,u: ~a! energy of 100 eV;
~b! energy of 500 eV;~c! energy of
1000 eV; and~d! energy of 10 000 eV.
J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004
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428428 JABLONSKI, SALVAT, AND POWELL
FIG. 12. Percentage differences be
tween differential elastic-scattering
cross sections,DDCS, calculated for
gold from Eq. ~18! for the TFD and
DHF potentials as a function of scat
tering angle,u: ~a! energy of 100 eV;
~b! energy of 500 eV;~c! energy of
1000 eV; and~d! energy of 10 000 eV.
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where DCSexc
DHF is the DCS calculated with the exchange co

rection and DCSnexc
DHF is the DCS calculated with neglect o

the termVexc(r ) in Eq. ~13!. Values ofDDCS from Eq.~24!
are shown as a function of scattering angle for H, Al, Ni, A
Au, and Cm in Fig. 16 at the two electron energies. We
that the contribution of the exchange potential to the D
can be substantial, in particular, for elements and energie
which there are deep minima in the DCSs~Ag, Au, and Cm
at 1 keV!. In the vicinity of minima, the deviations betwee
DCSs may exceed 35%. The DCSs for H, Al, and Ni a
keV differ by up to 5%. Smaller deviations are observed
J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004
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10 keV where the deviations usually do not exceed 2%. In
cases, the values ofDDCS are much larger, by up to 2–
orders of magnitude, than the deviations between DCSs f
the two databases considered here@cf. Figs. 15~a! and 16~a!,
or Figs. 15~c! and 16~c!#.

We therefore conclude that the exchange correction of
ley and Truhlar75 leads to practically identical DCSs as th
correction of Furness and McCarthy.64 The slight differences
between these DCSs are considerably smaller than the d
ences due to neglect of the exchange correction.
-

-

FIG. 13. Percentage differences be
tween differential elastic-scattering
cross sections,DDCS, calculated for
curium from Eq.~18! for the TFD and
DHF potentials as a function of scat
tering angle,u: ~a! energy of 100 eV;
~b! energy of 500 eV;~c! energy of
1000 eV; and~d! energy of 10 000 eV.
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429429ELECTRON ELASTIC-SCATTERING CROSS SECTIONS
FIG. 14. Comparison of phase shifts
d l

1 , for hydrogen corresponding to
the potentials used in the calculation
~squares! the DHF potential;~circles!
the TFD potential:~a! energy of 100
eV; ~b! energy of 500 eV;~c! energy of
1000 eV; and~d! energy of 10 000 eV.
Vertical lines indicate the values ofl 0

calculated from Eq.~22!.
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7.4. Comparisons of Differential Cross Sections
Obtained from the TFD and DHF Potentials
with Measured Differential Cross Sections

We present illustrative comparisons here of DCSs ca
lated from the TFD and DHF potentials with measured DC
for six elements~He, Ne, Ar, Kr, Xe, and Hg! at energies
between 50 and 3000 eV. These elements were selecte
cause in most cases there were at least two independent
surements available for the chosen electron energies. In s
cases~Ne at 800 eV; Ar at 800 eV, 2000 eV, and 3000 eV;
at 750 eV; Xe at 750 eV; Hg at 500 eV!, measured DCSs
from a single source were used to extend the range of e
tron energy or atomic number in the comparisons. For
such sources, DCS measurements were available at othe
ergies and were in satisfactory agreement with results f
other groups. The calculated cross sections in these com
sons were obtained from Version 2.010 ~for the TFD poten-
tial! and Version 3.012 ~for the DHF potential! of the NIST
Electron Elastic-Scattering Cross-Section Database.

Several review articles have identified and discussed
quirements for reliable measurements of differential elas
scattering and other cross sections in electron–a
interactions.76–80 The requirements relevant to elastic-DC
measurements include knowledge of the uncertainties
measurements of the incident electron-beam current,
beam energy, the effective product of path length of the be
in the scattering gas and solid angle of the detector sys
the scattered-electron current, and the gas pressure. In
tion, the gas pressure clearly has to be low enough to a
unwanted multiple-scattering effects.

Figures 17–22 show measured81–106 and calculated DCS
values for He~at 50, 100, 300, 500, and 700 eV!, Ne ~at 100,
300, 500, and 800 eV!, Ar ~at 50, 100, 300, 500, 800, 1000
2000, and 3000 eV!, Kr ~at 100, 200, 500, and 750 eV!, Xe
-
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~at 50, 100, 200, 400, and 750 eV!, and Hg~at 100, 150, 300,
and 500 eV!, respectively. The standard uncertainty in t
measured DCS values has been typically estimated by
authors of the reported DCS measurements to be betw
5% and 25%. Examination of the measured DCSs for Ar
100 eV in Fig. 19~b!, the element and energy for which the
is the largest number of independent measurements~9!,
shows that the ratio of the largest DCS to the smallest D
at a scattering angle away from the minimum can be up
about 1.8. The measurements of Vuskovic and Kurepa95 ap-
pear to be systematically larger than the other measurem
for most scattering angles; if their results are excluded,
ratio of the largest DCS to the smallest DCS is less than
Similar inspections of other figures where there are three
more DCS measurements at various scattering angles~e.g.,
He at 50 eV and 100 eV in Figs. 17; Ne at 100 eV in F
18~a!; Ar at 500 eV in Fig. 19~b!; Kr at 100 and 200 eV in
Fig. 20; Xe at 100 and 200 eV in Fig. 21; and Hg at 100 a
300 eV in Fig. 22! indicate that the consistency of the me
sured DCSs is typically within625% although there are
some larger ranges@e.g., for He at 100 eV in Fig. 17~b! and
for Kr at 200 eV in Fig. 20~b!#. We also note that the mea
surements of Kurepa and Vuskovic84 for He at 100 eV in Fig.
17~b! are also systematically larger than the other meas
ments shown, a result consistent with the Ar data in F
19~b!.

We now consider the extent to which the measured DC
agree with the calculated DCSs as a function of elect
energy. Argon is the element for which there are two or m
DCS measurements over the energy range from 50 eV
keV ~with additional data from one group at 2 and 3 keV!.
Figures 19~g! and 19~h! show that there is excellent agre
ment between the measured DCSs and the DCSs from
the TFD and DHF potentials. At lower energies, the me
J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004
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430430 JABLONSKI, SALVAT, AND POWELL
sured DCS agree generally better with DCSs from the D
potential than the TFD potential@e.g., in the positions and
magnitudes of the deep minima in Figs. 19~a! and 19~b!#,
although it is clear that the measured DCSs are smaller
the computed DCSs at other scattering angles. For othe
ements, there is generally close agreement between the
sured DCSs and the DCSs calculated from the DHF poten
at the highest available energies@e.g., He at 700 eV in Fig
17~e!; Ne at 800 eV in Fig. 18~d!; Kr at 750 eV in Fig. 20~d!;
Xe at 750 eV in Fig. 21~e!; and Hg at 500 eV in Fig. 22~d!#.
At lower energies, the measured DCSs are often smaller
the calculated DCSs for most scattering angles, and the
viations between the measured DCSs and the DCSs from
DHF potential generally become larger with decreasing
ergy. In most cases, the DCSs from the DHF potential ag
better with the measured DCSs in the vicinity of de
minima than DCSs from the TFD potential@e.g., for Ne at
100 eV in Fig. 18~a!; Kr at 100 eV in Fig. 20~a!; Xe in Fig.
21; and Hg at 300 eV in Fig. 22~c!#. There are some situa
tions, however, where the reverse occurs@e.g., for Kr at 200
eV in Fig. 20~b! and Hg at 100 and 150 eV in Fig. 22#,
although the result for Kr might be associated with limit
angular resolution in the experiments for the particularly n
row minimum expected at a scattering angle of about 8
Finally, we point out that the measured DCSs are larger t
the DCSs from the DHF potential, particularly at lower e
ergies, for scattering angles less than about 25°~particularly
He in Fig. 17; Ne at 100, 300, and 500 eV in Fig. 18; Ar
50, 100, 300, and 500 eV in Fig. 19; Kr at 100 and 200 eV
Fig. 20; Xe at 50 and 100 eV in Fig. 21; and Hg in Fig. 22!.
The range of scattering angles where these positive di
ences occur nevertheless gets smaller with increasing e
tron energy.

For electron energies below 1 keV, the DCSs calcula
from the DHF potential have the same shapes as a func
of scattering angle as the measured DCSs and the co
number of minima. The absolute values of these DCSs
scattering angles larger than about 25°, however, are sys
atically larger than the measured DCSs, as just noted.
cause for this systematic difference is believed to be the
glect of absorption~or inelastic-scattering! effects that can-
not be accounted for in the calculational algorithm.107 In
principle, these absorption effects can be described by
imaginary potential;107,108 an imaginary potential in the
Schroedinger equation is equivalent to a loss of particles,109 a
result to be expected due to open inelastic channels. Un
tunately, this approach is difficult to implement. On the o
hand, it is hard to calculate the local absorption poten
from first principles,107 because it depends on the details
the wave functions of excited atomic states. On the ot
hand, the solution of the radial equations for complex pot
tials requires numerical algorithms different from those us
for real potentials.

A second intrinsic limitation of the DCSs calculated fro
the DHF potential is the atomic polarizability correctio
This correction, which can be described empirically
means of a long-range polarization potential (}r 24) for the
J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004
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gas phase, increases the DCS at relatively small scatte
angles and is responsible for the deviations mentioned ab
in this angular range.

The arguments that lead to an imaginary potential an
long-range polarization potential in elastic-electron scat
ing are the following. In a perturbation expansion of t
elastic-transition rate to second order, the second-order te
involve virtual transitions to excited states. As mention
above, the formalism is very involved because it requi

FIG. 15. Percentage differences between differential elastic-scattering c
sections,DDCS, obtained from the Berger and Seltzer~Ref. 11! database
and the Jablonskiet al. ~Ref. 12! database at energies of 1000 and 10 0
eV from Eq. ~23! as a function of scattering angle,u: ~a! hydrogen;~b!
aluminum;~c! nickel; ~d! silver; ~e! gold; and~f! curium.
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431431ELECTRON ELASTIC-SCATTERING CROSS SECTIONS
knowing the wave functions of excited states. A method
bypass this difficulty is based on the so-called eikonal the
that allows the calculation of the scattering amplitude to s
ond order in terms of only the ground-state wave function107

From the eikonal scattering amplitude, one can obtain
‘‘equivalent’’ approximate local potential that yields approx
mately the eikonal scattering amplitude. This potential c
sists of the electrostatic potential used in our calculations
a second-order term that is complex. The real part of
term corresponds to the polarization potential, and the im
nary part is the absorption potential. Alternatively, appro
mate absorption and polarization potentials can be obta
from semiclassical arguments~see Ref. 108 and reference
therein!. Recently, Salvat110 has proposed a semiempiric
optical-model potential in which the absorption and sho
range polarization potentials are obtained from the local d
sity approximation, i.e., by assuming that the atomic elect
cloud behaves locally as an homogeneous electron gas.
model parameters, determined by fitting a large set of exp
mental DCS data~essentially those presented in Figs. 1
22!, were found to be essentially independent of the ene
of the projectile and the atomic number of the target ato
Although this type of approach yields more accurate DCS
low energies, calculations are substantially more diffic
than for the TFD and DHF potentials considered here.
condensed matter, there is no empirical information availa
on the magnitude of the polarizability and absorption effec
In principle, the absorption correction should be similar
that for the gas phase. The polarization potential is expe
to be much weaker than for the gas phase because bot
polarizing field of the projectile and the field of the induc
atomic dipole will be screened by the medium.111 It should
also be noted that it is customary to construct a muffin
potential for solids to describe elastic-electron scattering
the medium. This change from an atomic potential w
modify the DCSs at small scattering angles6,11 but the result-
ing changes are in the opposite direction to the atom
polarizability correction. The long-range polarization field
attractive. This field therefore increases the DCS at sm
angles where, classically, trajectories have large impact
rameters and the projectile sees only the ‘‘tail’’ of the pote
tial. On the other hand, the muffin-tin potential for a so
vanishes outside the muffin-tin sphere. As a result, the ta
the atomic potential is suppressed and the small-angle D
for an atom in a solid is smaller~in the absence of polariza
tion! than the corresponding DCS for a free atom. In pr
tice, the degree of partial cancellation of these two effe
will depend on atomic number and electron energy.

8. Comparisons of Transport
Cross Sections

8.1. Comparisons of Transport Cross Sections
Obtained from the TFD and DHF Potentials

The energy dependences of the TCSs for H, Al, Ni, A
Au, and Cm obtained from the TFD and DHF potentials a
compared in Fig. 23; these TCS values were obtained f
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Versions 2.010 and 3.0,12 respectively, of the NIST Electron
Elastic-Scattering Cross-Section Database. We see tha
agreement is generally rather good. With the exception
energies below about 200 eV, the dependences seem t
nearly identical. To evaluate the deviations between
TCSs quantitatively, let us consider the following percenta
difference,Ds tr :

Ds tr5100~s tr
TFD2s tr

DHF!/s tr
DHF , ~25!

FIG. 16. Percentage differences between differential elastic-scattering c
sections,DDCS, with and without exchange correction calculated at en
gies of 1000 and 10 000 eV from Eq.~24! as a function of scattering angle
u: ~a! hydrogen; ~b! aluminum; ~c! nickel; ~d! silver; ~e! gold; and
~f! curium.
J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004
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FIG. 17. Comparison of differential elastic-scattering cross sections, ds/dV, calculated for helium for two potentials as a function of scattering angle w
measured differential cross sections:~solid line! DHF potential;~dashed line! TFD potential:~a! energy of 50 eV;~b! energy of 100 eV;~c! energy of 300 eV;
~d! energy of 500 eV;~e! energy of 700 eV. The symbols show the measurements of Bromberg,81 McConkey and Preston,82 Gupta and Rees,83 Kurepa and
Vuskovic,84 Jansenet al.,85 Registeret al.,86 Wagenaaret al.,87 and Brungeret al.88
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TFD ands tr

DHF are the transport cross sections resu
ing from the TFD and DHF potentials, respectively. Valu
of Ds tr for the six elements are shown as a function of e
ergy in Fig. 24. Above 200 eV, the largest percentage dif
ence is observed for hydrogen. The value ofDs tr is close to
20% for H at 200 eV, and decreases with increasing ene
to 10% at 20 000 eV. For low and medium atomic numb
elements~Al,Ni,Ag !, the value ofDs tr is less than 5% for
energies above 200 eV. At lower energies, however,Ds tr

may exceed 40%. For high atomic number elements~Au and
J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004
-

-
r-

y
r

Cm!, Ds tr varies considerably in the energy range up to 10
eV, and exceeds 20% at some energies. For energies la
than 1000 eV,Ds tr is less than 5%.

A similar analysis, for the same potentials, was publish
by Jablonski and Powell33 for Be, C, Al, Cu, Ag, and Au. The
energy range considered by these authors, however,
smaller~100 eV–10 keV! than that considered here. Furthe
more, the percentage difference between DCS values
defined by a slightly different relation than Eq.~25!. None-
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FIG. 18. Comparison of differential elastic-scattering cross sections, ds/dV, calculated for neon for two potentials as a function of scattering angle w
measured differential cross sections:~solid line! DHF potential;~dashed line! TFD potential:~a! energy of 100 eV;~b! energy of 300 eV;~c! energy of 500
eV; and ~d! energy of 800 eV. The symbols show the measurements of DuBois and Rudd,89 Gupta and Rees,90 Jansenet al.,85 Williams and Crowe,91

Wagenaaret al.,87 and Bromberg.81
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theless, the energy dependences ofDs tr found by Jablonski
and Powell33 are very similar to the dependences shown
Fig. 24.

8.2 Comparisons of Transport Cross Sections
Obtained from the TFD and DHF Potentials
with Measured Transport Cross Sections

Elford and Buckman112 have discussed experimental d
terminations of transport cross sections~often also referred to
as momentum-transfer cross sections!. For electron energies
of interest here, TCSs are determined from measured D
and Eq.~20!. Unfortunately, it is not generally possible t
measure DCSs over the complete range of scattering an
due to the difficulty of defining the interaction volume acc
rately for small scattering angles and to geometrical c
straints for large scattering angles. As a result, it is neces
either to extrapolate measured DCSs to scattering angles
and p, perhaps using calculated DCSs as a guide, or to
measured DCSs as a function of scattering angle with E
~2! and ~3! using a selected number of phase shifts as f
parameters. The latter approach can be useful for low e
tron energies (E<200 eV) where the number of phase shi
is sufficiently small.113,114
Ss

les

-
ry
f 0
fit
s.
e
c-

Elford and Buckman have published ‘‘preferred’’ TCS va
ues for a number of atoms based on an analysis of meas
ments and calculations.112 Most of the preferred TCSs are fo
electron energies of less than 10 eV although some data
given for energies of up to 100 eV. We show illustrativ
TCSs in Table 3 for two atoms, He and Hg, that are based
measured DCSs for electron energies of 50 and
eV.86,88,104Registeret al.86 and Brungeret al.88 derived TCSs
after performing a phase-shift analysis of their DCSs wh
Panajotovicet al.104 obtained TCSs after extrapolating the
DCSs to 0 andp. For Hg and an energy of 100 eV, th
experimental TCSs are smaller than the calculated TCSs
about a factor of two, as would be expected from a cas
inspection of Fig. 22~a!.

9. Comparisons of Quantities Derived
from Differential Cross Sections
that were Obtained from the TFD

and DHF Potentials

Differential elastic-scattering cross sections are used fo
variety of purposes, as noted in Sec. 1. We discuss here
extent to which certain quantities derived from DCSs m
J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004



ith

ts of

434434 JABLONSKI, SALVAT, AND POWELL
FIG. 19. Comparison of differential elastic-scattering cross sections, ds/dV, calculated for argon for two potentials as a function of scattering angle w
measured differential cross sections:~solid line! DHF potential;~dashed line! TFD potential:~a! energy of 50 eV;~b! energy of 100 eV;~c! energy of 300 eV;
~d! energy of 500 eV;~e! energy of 800 eV;~f! energy of 1000 eV; and~g! energy of 2000 eV; energy of 3000 eV. The symbols show the measuremen
Panajotovicet al.,92 Wagenaaret al.,87 DuBois and Rudd,89 Cvejanovic and Crowe,93 Gupta and Rees,83 Jansenet al.,85 Srivastavaet al.,94 Vuskovic and
Kurepa,95 Williams and Willis,96 Bromberg,81 Dou et al.,97 and Igaet al.98
J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004



ith

435435ELECTRON ELASTIC-SCATTERING CROSS SECTIONS
FIG. 20. Comparison of differential elastic-scattering cross sections, ds/dV, calculated for krypton for two potentials as a function of scattering angle w
measured differential cross sections:~solid line! DHF potential;~dashed line! TFD potential:~a! energy of 100 eV;~b! energy of 200 eV;~c! energy of 500
eV; and~d! energy of 750 eV. The symbols show the measurements of Cvejanovic and Crowe,93 Danjo,99 Srivastavaet al.,94 Williams and Crowe,91 Wagenaar
et al.,87 Bromberg,81 and Jansen and de Heer.100
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vary depending on whether the cross sections were obta
from the TFD or DHF potentials. Specific consideration
given here to three quantities relevant to materials charac
ization: ~1! elastic-backscattered intensities for an overlay
film on a substrate;~2! electron inelastic mean free path
determined by elastic-peak electron spectroscopy; and~3!
mean escape depths for signal electrons in AES and X
Comparisons will be made of these quantities for DCSs
tained, as before, from the TFD and DHF potentials, spec
cally Versions 2.010 and 3.0,12 respectively, of the NIST Elec
tron Elastic-Scattering Cross-Section Database.

9.1 Elastic-Backscattered Intensities
for an Overlayer Film on a Substrate

Elastic-scattering cross sections are needed for a des
tion of elastic backscattering of electrons from solid surfac
An electron impinging on the solid surface may leave
solid as a result of multiple elastic collisions. The process
multiple scattering, however, is usually dominated by o
large-angle elastic collision. We have seen from Figs. 8–
that the largest differences between DCSs calculated f
the DHF and TFD potentials occur at scattering angles c
responding to deep minima in the DCSs. The scattering
tential for the solid will, in general, be different from that o
ed

r-
r-
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-
-

ip-
s.
e
f

e
3
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the corresponding neutral atom~see also Sec. 9.4!. It is pos-
sible that the deep minima in the DCSs for atoms shown
Figs. 2–7 may occur for the DCSs in solids at different sc
tering angles and with different strengths. We therefore s
gest that, where possible, experimental configurations
avoided for which the DCS has a deep minimum. Otherw
simulations describing elastic backscattering might ha
large uncertainties.

Problems associated with the theory of elastic backsca
ing were demonstrated in studies of gold overlayers dep
ited on nickel.115,116 In the experimental configuration use
by Jablonskiet al.,115 the direction of the electron beam wa
at 25° with respect to the surface normal while the analy
axis was located along the surface normal~with an accep-
tance angle of66°!. At energies of 300 and 500 eV, th
elastic-backscattering probability was found to decrease w
thickness of the gold overlayer despite the fact that the t
elastic-scattering cross section for gold is much larger t
that for nickel. At energies of 1000 eV or more, the elast
backscattering probability increased with overlayer thic
ness. These experimental results were confirmed in a l
work116 in which the experiment was performed in a slight
different configuration~normal incidence of the primary
beam, emission angle of 25°, and an acceptance angl
J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004
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FIG. 21. Comparison of differential elastic-scattering cross sections, ds/dV, calculated for xenon for two potentials as a function of scattering angle w
measured differential cross sections:~solid line! DHF potential;~dashed line! TFD potential:~a! energy of 50 eV;~b! energy of 100 eV;~c! energy of 200 eV;
~d! energy of 400 eV; and~e! energy of 750 eV. The symbols show the measurements of Wagenaaret al.,87 Nishimuraet al.,101 Ester and Kessler,102 Jansen
and de Heer,100 Williams and Crowe,91 and Bromberg.81
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64°!. These results were in good agreement with Mo
Carlo simulations of elastic backscattering that made us
differential elastic-scattering cross sections obtained from
TFD potential. These simulations were performed for
same configurations~incidence angle, emission angle, a
acceptance angle! as in the respective experiments. The d
crease of the backscattering probability at energies up to
eV was ascribed to the presence of a deep minimum loc
J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004
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in the DCS for Au at a scattering angle close to 155°@cf. Fig.
6~b!#. For the angular range relevant to these experime
the DCS for nickel is much larger than that for gold. A
higher energies, the minimum in the Au DCS shifts towar
smaller scattering angles@cf. Fig. 6~c!#, and the DCS for gold
is larger than that for nickel.

We have repeated the Monte Carlo calculations for th
experiments at energies of 500 and 1000 eV using differ
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FIG. 22. Comparison of differential elastic-scattering cross sections, ds/dV, calculated for mercury for two potentials as a function of scattering angle w
measured differential cross sections:~solid line! DHF potential;~dashed line! TFD potential:~a! energy of 100 eV;~b! energy of 150 eV;~c! energy of 300
eV; and~d! energy of 500 eV. The symbols show the measurements of Holtkampet al.,103 Panajotovicet al.,104 Bromberg,105 and Peitzmann and Kessler.106
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tial cross sections for gold and nickel calculated from
DHF potentials for these atoms. We determined the elas
backscattering probability for an uncovered nickel substr
h~0!, and for a gold overlayer with thicknesst deposited on
nickel, h(t). It was convenient to compare values of t
ratio, R(t), of elastic-backscattering probabilities

R~ t !5
h~ t !

h~0!
, ~26!

that were obtained from either measured or calculated b
scattering data. Figures 25 and 26 show comparisons of m
sured values ofR as a function of Au thickness from Refs
115 and 116, respectively, with the corresponding values
R determined from Monte Carlo simulations for each expe
mental configuration and with differential cross sectio
from each of the two potentials. We see that both cross
tions lead to reasonably good agreement with the experim
tal data. There is a distinct difference, however, between
relative intensities calculated for each potential. In one ca
use of differential cross sections from the DHF poten
(DCSrel

DHF) leads to ratios that are closer to the experimen
results while, in other cases, the differential cross secti
from the TFD potential (DCSrel

TFD) lead to better agreement
As mentioned above, the experiments reported in R

115 and 116 were performed in slightly different configu
e
c-
e,

k-
a-

of
-
s
c-
n-
e
e,
l
l
s

s.
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tions; nevertheless, the experimental ratios differed not
ably ~see Figs. 25 and 26!. Although the angle between th
electron beam and the analyzer axis was the same in
experiments~155°!, the location of these directions with re
spect to the surface was different. The differences betw
the experimental ratios might also be partially due to syste
atic errors associated with the different experiments~e.g.,
accuracy of determining the angles, different samp
preparation procedure, etc.!. Finally, the observed difference
may result from the different analyzer-acceptance angles
both experiments, hemispherical electron-energy analy
~HSAs! were used of different constructions, and these h
nominal acceptance angles of64° ~Ref. 116! or 66° ~Ref.
115!. In general, we expect that the measured intensities m
depend on the acceptance angle, especially in the vicinit
deep minima in the DCS.

9.2. Electron Inelastic Mean Free Paths Determined
by Elastic-Peak Electron Spectroscopy „EPES…

Measurements of elastic-backscattered probabilities
technique known as elastic-peak electron spectrosc
~EPES!, can be used to obtain inelastic mean free paths~IM-
J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004
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FIG. 23. Energy dependence of the transport cross sections calculated from the TFD and DHF potentials:~solid line! the DHF potential;~dashed line! the TFD
potential:~a! hydrogen;~b! aluminum;~c! nickel; ~d! silver; ~e! gold; and~f! curium.
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.2.1
FPs! at various electron energies.117 The IMFP is an impor-
tant parameter that is needed for quantification of surfa
analytical techniques such as AES and XPS.117

The EPES experiments can be performed in two wa
Most commonly, relative measurements are made of the
tensities of electrons backscattered from two surfaces,
the specimen of interest and the other a ‘‘standard’’ mate
for which the IMFP is considered to be sufficiently we
J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004
e-

s.
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known. These measurements are made for the same inc
beam energy and current, the same scattering conditions
the same analyzer conditions. In the other type of EPES
periment, absolute measurements are made of the ratio o
elastically backscattered current to the incident beam cur
for a selected sample material. No standard material is u
We consider these two types of experiments in Secs. 9
and 9.2.2, respectively.
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FIG. 24. Energy dependence of pe
centage differences,Ds tr , from Eq.
~25! between transport cross section
obtained from the TFD and DHF po
tentials: ~a! hydrogen;~b! aluminum;
~c! nickel; ~d! silver; ~e! gold; and~f!
curium.
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9.2.1. EPES Experiments with a Standard Material

In typical EPES experiments with a standard mater
measurements are made of the ratio of the elas
backscattering probabilities for a sample of interest,hsample,
and for a selected standard material,hstandard, with a
‘‘known’’ IMFP. Four elemental solids were recommended
a previous analysis as suitable standards: Ni, Cu, Ag,
Au.117 The same ratio is calculated from a suitable theor
cal model describing the backscattering phenomenon. Mo
Carlo simulations of electron backscattering are usu
made for this purpose, and DCS values are required for
sample and standard materials at the electron energie
interest. Simulations are performed at a particular elect
energy for different assumed values of the IMFP for t
sample, and a so-called calibration curve is produced
which the ratio of elastic-backscattering probabilities
given as a function of the sample IMFP. The measured r
can then be used to determine the sample IMFP.

To determine experimentally the ratio of elasti
backscattering probabilities, one does not need to mea
their absolute values. It is sufficient to measure elastic-p
intensities for the sample and standard in the energy di
butions of backscattered electrons,I sample and I standard, re-
spectively. We then have the ratio of interest,Rsample
l,
c-

d
i-
te
y
e
of
n

in

io

re
k

ri-

Rsample5
hsample

hstandard
5

I sample

I standard
. ~27!

We showed in Sec. 7.2 that DCS values from the TFD a
DHF potentials can differ considerably at scattering ang
close to those where deep minima occur in the DCSs.
therefore now consider a ‘‘worst-case’’ situation in which
EPES experiment is performed with a material, electron
ergy, and experimental configuration for which there is
deep minimum in the DCS~for a single elastic-scattering
event!. Figure 27 shows the large-scattering-angle region

TABLE 3. Values of transport cross sections,s tr
m , derived from measured

differential cross sections for He and Hg at energies of 50 and 100 eV
the corresponding calculated transport cross sections,s tr

TFD and s tr
DHF , ob-

tained from Refs. 10 and 12 with use of the TFD and DHF potentia
respectively

Atom
Energy
~eV!

s tr
m

(a0
2) Ref.

s tr
TFD

(a0
2)

s tr
DHF

(a0
2)

He 50 2.51 86 2.45 2.77
50 3.32 88 2.45 2.77

100 0.754 86 0.834 0.928
Hg 50 12.3 104 20.4 18.4

100 4.29 104 8.70 7.70
J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004
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440440 JABLONSKI, SALVAT, AND POWELL
the DCS for gold at energies of 500 and 1000 eV. The v
tical line with the acronym HSA indicates the average sc
tering angle in the experiments of Jablonskiet al.115,116As
discussed in Sec. 9.1, a deep minimum in the DCS occurs
gold at 500 eV in the vicinity of a scattering angle of 155
and there are appreciable differences in the DCS values f
the TFD and DHF potentials@cf. Fig. 12~b!#; smaller differ-
ences near this scattering angle occur at 1000 eV.

For an EPES experiment with normal incidence of t
primary electron beam and a mean emission angle of 25°
average scattering angle will be 155°. Calibration curves
a gold sample and a nickel standard~i.e., RAu5I Au /I Ni as a
function of the IMFP assumed for Au! calculated for this
configuration and for electron energies of 500 and 1000
are shown in Fig. 28. In these calculations, we assumed
the acceptance angle was equal to64° which is typical for
hemispherical analyzers.116We see that the calibration curve
derived from DCS values that were obtained from the T
and DHF potentials differ considerably, particularly at 5
eV. Such differences will clearly lead to different IMFP va
ues. Suppose, for example, thatRAu is measured to be 0.232
at 500 eV and 1.226 at 1000 eV~these values correspond

FIG. 25. Relative intensity of electrons elastically backscattered from a g
overlayer on Ni,R(t) defined by Eq.~26!, as a function of overlayer thick-
ness at energies of:~a! 500 eV and~b! 1000 eV:~triangles and dashed line!
experimental data taken from Jablonskiet al.115; results of Monte Carlo
simulations for the same configuration as used in Jablonskiet al.115 with
elastic-scattering cross sections calculated from the TFD potential~open
circles! and from the DHF potential~filled circles!.
J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004
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the recommended IMFPs for gold of 8.36 and 13.78 Å
these energies, respectively117!. The calibration curve in Fig.
28 calculated with DCSs from the TDF potential leads
smaller IMFPs for Au, 6.93 and 12.13 Å at energies of 5
and 1000 eV, respectively. We calculate the percentage
ferenceDl

Dl5100~l in
TFD2l in

DHF!/l in
DHF ~28!

from the IMFPs,l in
TFD and l in

DHF , derived from calibration
curves calculated using DCSs obtained from the TFD a
DHF potentials, respectively. The resulting values ofDl
from Eq.~28! are217.1% and212.0% at 500 and 1000 eV
respectively. This ‘‘worst-case’’ example illustrates that
significant systematic error can arise in IMFPs determin
by EPES with DCS values from the TFD potential for ma
rials ~in this case, Au!, electron energies~in this case, 500
eV!, and measurement configuration~in this case, a scatter
ing angle of 155°! such that there is a deep minimum in th
DCS. Although a measurement with this configuration for A
at 1000 eV would not occur near a deep minimum in t
DCS, there is an error of 12.0% in IMFPs determined fro
the calibration curve derived with use of DCSs from the TF

ld
FIG. 26. Relative intensity of electrons elastically backscattered from a g
overlayer on Ni,R(t) defined by Eq.~26!, as a function of overlayer thick-
ness at energies of:~a! 500 eV and~b! 1000 eV:~triangles and dashed line!
experimental data from Jablonskiet al.116; results of Monte Carlo simula-
tions for the same configuration as used in Jablonskiet al.116 with elastic-
scattering cross sections calculated from the TFD potential~open circles!
and from the DHF potential~filled circles!.
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FIG. 27. Differential elastic-scattering
cross sections, ds/dV, calculated for
gold from the TFD and DHF poten-
tials at scattering angles exceedin
90°: ~solid line! DHF potential;
~dashed line! TFD potential: ~a! en-
ergy of 500 eV;~b! energy of 1000 eV.
Vertical line with the acronym HSA
indicates the average scattering ang
for the experiments of Jablonskiet al.
~Refs. 115 and 116! and the vertical
line with the acronym CMA shows the
average scattering angle for th
experiments of Krawczyket al.118
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potential. This systematic error arises in part from a posit
error in the DCS for Au@cf. Fig. 12~c!# and in part from a
negative error in the DCS for Ni@cf. Fig. 10~c!# at the scat-
tering angle of 155°.

We consider now the determination of IMFPs by EP
with a cylindrical-mirror analyzer, the instrument that h
been most frequently used in the work discussed in a re
review.117 In this configuration, the primary electrons are i
cident on the surface along the normal, and the average e
sion angle is equal to 42.3°. For the case of Au with t
configuration, EPES measurements at 500 eV would be
removed from deep minima in the DCS for Au while me
surements at 1000 eV would be closer to a deep minim
~cf. Fig. 27!. No minima are observed in the DCS for Cu
the considered energies in the relevant angular range. E
measurements of AuCu alloys with a CMA and an Au sta
dard have been reported recently by Krawczyket al.118As an
example, we consider the case of the Au50Cu50 alloy. Figure
29 shows calibration curves for four electron energies
tween 200 and 2000 eV for the conditions of the Krawcz
et al. experiments. These calibration curves were calcula
assuming the same acceptance angle as for the analyz
the experiments, i.e.66°. The differences between the ca
bration curves found using DCSs with the TFD and DH
potentials in Fig. 29 are much less than the correspond
differences in Fig. 28.

We quantify the differences between the calibration cur
in Fig. 29 by defining the percentage differenceDRAuCu

DRAuCu5100~RAuCu
TFD 2RAuCu

DHF !/RAuCu
DHF , ~29!

whereRAuCu
TFD andRAuCu

DHF are the values ofRAuCu for the TFD
and DHF potentials, respectively. Values ofDRAuCu are plot-
ted in Fig. 30 as a function of the assumed IMFP values.
see thatDRAuCu is practically always less than 10%. At 200
e

nt

is-
s
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m

ES
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d
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g
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eV, the percentage differences decrease to less than 5%
determine an IMFP in the alloy, we need only a fragment
the calibration curve corresponding to measured rat
RAuCu, for particular energies.118 These ratios and the corre
sponding IMFPs are listed in Table 4 for DCSs obtain
from the TFD and DHF potentials. As one can see,
change of potential leads to changes in the derived IMFP
less than 6% at energies of 200 and 500 eV. At higher e
gies, the changes in the derived IMFPs decrease from 3.
at 1000 eV to 1.27% at 2000 eV. The latter change is co
parable to the precision of our Monte Carlo calculations.

9.2.2. EPES Experiments without a Standard Material

We consider now EPES experiments in which a stand
material is not used.117 Measurements are made of the rat
hsample, of the elastically backscattered current,I sample, in a
particular solid angle~for the material and electron energy o
interest! to the current of the incident beam,I beam. Such
experiments are more demanding than the relative meas
ments described in Sec. 9.2.1 because each of the curr
I sampleandI beam, has to be measured absolutely. Monte Ca
simulations are made for the particular experimental con
tions to produce calibration curves showinghsampleas a func-
tion of assumed values for the sample IMFP. The IMFP c
then be determined from the calibration curve as the va
that gives the same value ofhsampleas that measured.

As an example, Fig. 31 shows EPES calibration curves
gold in the form of plots of the calculated elasti
backscattering probabilities,hAu , as a function of assume
IMFP for normal incidence of an electron beam in
retarding-field analyzer for emission angles between 5°
55° at electron energies of 500 eV and 1 keV. This config
ration was selected to correspond to some absolute E
J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004
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442442 JABLONSKI, SALVAT, AND POWELL
measurements.118,119The calibration curves of Fig. 31 wer
obtained, as for Fig. 28, from Monte Carlo simulations
which DCSs from the TFD potential~dashed line! and the
DHF potential~solid line! were utilized. The marked ordi
nate values, 0.036 01 at 500 eV and 0.053 23 at 1 keV,
values ofhAu obtained from the simulations with DCSs fro
the DHF potential and the recommended IMFPs for Au
8.36 and 13.78 Å, respectively.117 The IMFPs derived from
the calibration curves for the TFD potential for these valu
of hAu are 7.52 and 13.60 Å, respectively. Values ofDl from
Eq. ~28! are210.0% and21.31%, respectively.

As another example, we consider the absolute EPES
periments of Dolinskiet al. made for Cu in which the sur
faces were cleaned by concurrent K1 bombardment and
heating to remove K from the surface.120 These measure
ments were made with normal incidence of the primary be
and a RFA for which the range of accepted emission an
was between 5° and 44°. Table 5 shows IMFPs obtai
from the experiments of Dolinskiet al. and from DCSs cal-
culated from the TFD and DHF potentials for energies
tween 250 and 1500 eV and the percentage differences
tween these IMFPs from Eq.~28!. These percentag
differences range between 2.36% at 250 eV to 6.42% at
eV. Table 4 also shows IMFP values,l in

HFS, obtained by Do-
linski et al. using the DCSs from a relativistic Hartree
Fock–Slater potential of Fink and Ingram.2

9.3. Mean Escape Depths for AES and XPS

The mean escape depth~MED! is a useful parameter in
AES and XPS. This parameter specifies the average de
normal to the surface, from which signal electrons are em
ted. The MED,D, is defined by121

D5
*0

`zf~z,a!dz

*0
`f~z,a!dz

, ~30!

where f(z,a) is the emission depth distribution functio
defined as the probability that the particle leaving the surf
in a given direction originated from a specified depth m
sured normally from the surface into the material.121

The following analytical expression for the MED of sign
electrons in AES and XPS has been derived by Jablo
et al.31 from a solution of the kinetic Boltzmann equatio
within the so-called transport approximation

D5
l inl tr

l in1l tr
S cosa1

S1

S2
D , ~31!

where

S15~12v!21/2x1C1 , ~32!

S25~12v!21/22
~b/4!~3 cos2 c21!

H~cosa,v!
1C2 , ~33!

x5~v/2!~12v!21/2E
0

1

cosaH~cosa,v!d~cosa!,

~34!
J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004
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16
~3 cos2 u21!

3E
0

1~x21x cosa!~3x221!H~x,v!

x1cosa
dx, ~35!

C25
vb

16
~3 cos2 u21!E

0

1 x~3x221!H~x,v!

x1cosa
dx.

~36!

In Eqs.~31!–~36!, l tr is the transport mean free path,a is the
electron emission angle with respect to the surface normau
is the angle between the x-ray direction and the surface
mal in XPS,c is the angle between the direction of x ra
and the analyzer axis in XPS,b is the photoionization asym
metry parameter in XPS,v is the single-scattering albed
given by v5l in /(l in1l tr), and H(x,v) is the Chan-
drasekhar function.122 The transport mean free path is o
tained from the transport cross section

FIG. 28. Ratio of elastic-backscattering probabilitiesRAu5I Au /I Ni defined
by Eq. ~27! as a function of assumed values of the electron inelastic m
free path for gold. Two calibration curves for EPES experiments are sh
based on Monte Carlo simulations with DCS values obtained from TFD
DHF potentials: ~solid line! DCS calculated from the DHF potential
~dashed line! DCS calculated from the TFD potential:~a! energy of 500 eV
and ~b! energy of 1000 eV. The calibration curves were calculated for
experimental configuration of Jablonskiet al.115,116who used a hemispheri-
cal analyzer for their measurements.
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FIG. 29. Ratio of elastic-
backscattering probabilities RAuCu

5I AuCu /I Au defined by Eq.~27! as a
function of assumed values of th
electron inelastic mean free path fo
the alloy Au50Cu50 . Two calibration
curves for EPES experiments ar
shown based on Monte Carlo simula
tions with DCS values obtained from
TFD and DHF potentials:~solid line!
DCS calculated from the DHF poten
tial; ~dashed line! DCS calculated
from the TFD potential:~a! energy of
200 eV; ~b! energy of 500 eV;~c! en-
ergy of 1000 eV; and~d! energy of
2000 eV. The calibration curves wer
calculated for the experimental con
figuration of Krawczyket al.118 who
used a cylindrical-mirror analyzer for
their measurements.
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Ns tr
, ~37!

whereN is the atomic density, i.e., the number of atoms p
unit volume. For AES, the emission of Auger electrons fro
atoms is close to isotropic for amorphous and polycrystal
solids, andb50. The MED from Eqs.~31!–~36! then be-
comes

D5l inl tr~x1cosa!/~l in1l tr!. ~38!

It has been shown that the parametersC1 andC2 in Eqs.
~32! and~33! are small compared toS1 andS2 , respectively,
r

e

and can be neglected for typical photoelectron lines
XPS.31 The change in the MED values, due to the assum
tion that C1 and C2 are equal to zero, usually does not e
ceed 5%. This assumption has been made in the pre
MED calculations.

We consider now changes in MED values from Eqs.~31!–
~38! arising from the use of transport cross sections in E
~37! that were computed from Eq.~20! using DCS values
obtained from the TFD and DHF potentials. Calculatio
were made for four electron energies in gold correspond
to two Auger-electron lines (AuN7VV and AuM5N67N67)
,

9

e
r

FIG. 30. Percentage differences
DRAuCu , calculated from Eq.~29! be-
tween the calibration curves of Fig. 2
for the TFD and DHF potentials as a
function of assumed values of th
electron inelastic mean free path fo
the alloy Au50Cu50 .
J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004
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444444 JABLONSKI, SALVAT, AND POWELL
and two photoelectron lines (Au 4s and Au 4f 7/2) for XPS
with Mg Ka x rays. These energies cover a wide range~from
70 to 2016 eV!. In these calculations, we selected a rep
sentative value123 of the anglec554° and determinedD for
variations of the electron emission angle,a, from 0° to 80°.
The variation ofa corresponds to rotation of the sample in
chamber with fixed positions of the analyzer and the x-
source~for XPS!.

The transport mean free path is the only parameter in E
~31!–~38! describing the strength of elastic-scattering effe
in a given solid. If the transport mean free path reaches
finity, the MED approaches the value determined from
so-called common formalism of AES and XPS in whi
elastic–electron collisions in the solid are neglected. If
denote the MED for this case byD, then Eq.~31! becomes

D5l in cosa. ~39!

To examine the effects of elastic scattering onD, it is con-
venient to determine the ratio,RMED

RMED5D/D. ~40!

Figure 32 shows plots ofRMED calculated from values ofD
for the TFD and DHF potentials as a function ofa for the
four selected photoelectron and Auger-electron lines in g
We see that the MED values derived from the two potent
are very similar. The differences between theD values seem
to decrease with increasing emission angle and with incr
ing energy. The latter effect can be ascribed to the decrea
differences between transport cross sections in Au for
two potentials with increasing energy@cf. Fig. 24~e!#. To
quantify the difference between the MEDs from the two p
tentials, we calculate the percentage difference,DD

DD5100~DTFD2DDHF!/DDHF, ~41!

whereDTFD andDDHF are the MEDs determined using tran
port cross sections from the TFD and DHF potentials,
spectively. Values ofDD for the Auger-electron and photo
electron lines in Fig. 32 are plotted as a function of emiss
angle in Fig. 33. As one can see, the values ofDD at normal
emission vary from 4.3% at 70 eV to about 0.5% at 2016
and become smaller with increasing emission angle. S
elastic-scattering effects~as judged by the value ofv! are

TABLE 4. IMFP values for the alloy Au50Cu50 derived from calibration
curves for the EPES experiments of Krawczyket al.118 that were calculated
using DCSs obtained from the TFD potential (l in

TFD) and the DHF potential
(l in

DHF) at the indicated energies from the measured ratios,I AuCu /I Au , of
elastic-backscattered intensities. The percentage differences in the de
IMFPs,Dl, from Eq. ~28! are shown in the final column.

E
~eV! I AuCu /I Au

l in
TFD

~Å!
l in

DHF

~Å!
Dl
~%!

200 2.144 6.91 6.58 5.02
500 0.881 7.86 7.43 5.79

1000 1.081 16.17 15.66 3.26
1500 1.078 22.10 21.48 2.89
2000 0.859 24.78 24.47 1.27
J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004
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strong in gold,124 we conclude that the change of potent
will not significantly affect MED values of other elements
energies typical for AES and XPS.

10. Validity of Calculated DCS Data
for Atoms in Simulations of Electron

Transport in Solids

Calculated DCSs for atoms have been extensively use
simulations of electron transport in solids13–45 as well as in
the three examples discussed in Sec. 9. The electron ene
in these particular applications have typically been betw
100 eV and 25 keV although similar simulations have be
made for higher energies. The atomic data have been util
because calculated DCSs are available1–12 for all elements
and a wide range of electron energies, whereas meas
DCSs exist for a very limited number of elements and en
gies ~such as those presented in Sec. 7.4!.

We discuss here the validity of the atomic DCS data
descriptions of electron transport in solids. The interact
potential in a solid will clearly be different from that for
free atom. These differences are expected to have a con
erable effect on the DCSs for ‘‘small-angle’’ scattering. Fo
tunately, for many problems of practical interest, the ‘‘larg

FIG. 31. Plot of the elastic-backscattering probability,hAu , for gold as a
function of assumed values of the electron inelastic mean free path
normal incidence of the electron beam and a retarding-field analyzer ac
ing emission angles between 5° and 55°. Two calibration curves for E
experiments are shown based on Monte Carlo simulations with DCS va
obtained from TFD and DHF potentials:~solid line! DCS calculated from
the DHF potential;~dashed line! DCS calculated from the TFD potential:~a!
energy of 500 eV and~b! energy of 1000 eV.
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445445ELECTRON ELASTIC-SCATTERING CROSS SECTIONS
angle’’ scattering is generally more relevant than the sm
angle scattering. The atomic potential can be matched
muffin-tin potential for the corresponding solid or can
empirically truncated in the solid.125 While the resulting po-
tentials lead to substantial differences in the DCSs from
atomic DCSs for small-angle scattering~with the differences
depending on Z!,11 there are often only small effects on p
rameters such as transport cross sections, effective atte
tion lengths~EALs!, and backscattering factors.6,11,38For ex-
ample, Berger and Seltzer11 report that transport cros
sections for solid Au~calculated with the Raith125 method of
potential truncation! differ from those for atomic Au by less
than 0.1% for energies between 1 and 500 keV, while
similar differences in transport cross sections for Be are
than 3.3% for the same energy range. Cumpson and Se38

show that the differences between EALs obtained from
TF/muffin-tin potential for 18 solid elements and those fro
the corresponding atomic relativistic HFS potentials could
characterized by a standard deviation of 2.5% at 200 eV
of 1.5% at 1 keV. Similarly, as shown in Sec. 9 a
elsewhere,33 elastic-backscattering probabilities, IMFP
MEDs, and XPS signal intensities calculated for solids fro
TFD and DHF or similar atomic potentials generally diff
by less than 10% and often less than 5%. These uncertai
are generally small compared to other sources of uncerta
in many applications.

We come now to an apparently more serious problem.
have shown in Sec. 7.4 that measured DCSs for Ar ag
well with DCSs calculated from the DHF potential for ele
tron energies of 1 keV and above. Similar results have b
found for He, Ne, Kr, and Xe.11 At lower energies, however
there can be differences~away from deep minima! of often
up to a factor of 2 and occasionally by a larger factor,
shown in Figs. 17–22. As noted in Sec. 7.4, these differen
can be explained by the neglect of absorption and pola
ability corrections in most DCS calculations. The eikon
method takes these corrections into account, and impro
agreement is found between the resulting calculated D
for He and Ar and those measured.107

Figures 17–22 suggest that while atomic DCSs calcula
from the DHF potential should be useful for applications

TABLE 5. IMFP values for copper derived from the absolute EPES exp
ments of Dolinskiet al.120 that were calculated using DCSs obtained fro
the TFD potential (l in

TFD) and the DHF potential (l in
DHF) at the indicated

energies,E, from the measured elastic-backscattering probabilities,hCu .
The percentage differences in the derived IMFPs,Dl, from Eq. ~28! are
shown in the final column. The third column shows the IMFPs reported
Dolinski et al., l in

HFS, from calibration curves obtained with DCSs com
puted from a relativistic Hartree–Fock–Slater potential by Fink a
Ingram.2

E
~eV! hCu

l in
HFS

~Å!
l in

TFD

~Å!
l in

DHF

~Å!
Dl
~%!

250 0.0434 4.2 3.47 3.39 2.36
500 0.0395 5.9 6.10 5.45 6.42

1000 0.0229 11.2 11.77 11.14 5.66
1500 0.0149 17.0 17.23 16.74 2.93
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electron energies of 1 keV and above, there could be syst
atic errors at lower energies. Nevertheless, a large bod
literature13–45,117indicates that atomic DCSs have been su
cessfully used at these low energies for solids.

As an example, we now examine the use of calcula
atomic DCSs for the determination of IMFPs by the EP
method. As discussed in Sec. 9.2, IMFPs can be determ
from relative or absolute measurements of elas
backscattered intensities. The IMFPs obtained from rela
measurements should not be affected appreciably by sys
atic error in the calculated DCSs because, in effect, ratio
DCSs for two solids are employed~unless, of course, the
systematic error in the DCS for one material was mu
greater than the systematic error for the other!. In contrast,
IMFPs derived from absolute measurements will have s
tematic errors comparable to the systematic errors in the
responding DCSs. Comparisons of IMFPs from absol
EPES measurements with IMFPs calculated from exp
mental optical data for six elemental solids~Al, Si, Ni, Cu,
Ag, and Au! as a function of electron energy between 150
and 2 keV do not show clear trends.117 For two elements~Cu
and Au!, the IMFPs from the EPES measurements are low
than the calculated IMFPs for energies less than 700 eV
up to about 40%; for Ag, however, the EPES IMFPs a
larger than the calculated IMFPs by up to about 17% in
same energy range. These results could possibly be du
systematic errors associated with the use of atomic DCSs
each solid. It is also possible that the results could be du
random errors associated with varying strengths of surf
electronic excitations for different experimental configur
tions and with changes of EPES intensities with differe
surface roughnesses.117 The latter effects would be expecte
to become larger with decreasing electron energy, and wo
be more significant for more grazing angles of electron in
dence or emission. Further experiments are clearly neede
define the magnitudes of these effects and to clarify the m
nitude of any differences between IMFPs obtained from
solute EPES experiments and calculated IMFPs.

We point out that IMFPs calculated from experimental o
tical data117 have been tested experimentally in at least th
independent ways. First, Seahet al.126 analyzed the signa
intensities of photoelectron and Auger-electron lines of so
60 elemental solids and found that these were consistent
predicted intensities within a standard uncertainty of ab
28% for lines with energies greater than 180 eV. Their co
parison, based on data not only for IMFPs but also for ex
tation cross sections and backscattering factors~for AES!,
did not show energy-dependent systematic deviations for
ergies less than 1 keV that could be associated with poss
energy-dependent errors of the IMFP predictive equat
TPP-2M127 that was used in the analysis. Second, EALs
rived from IMFPs have been extensively used for determi
tion of overlayer-film thicknesses by AES and XPS.72 Com-
puted EALs for SiO2 , for example, agree within 10% with
the average of those determined experimentally.128 Finally,
Rundgren129 compared current–voltage curves from low
energy electron diffraction experiments for the Cu~111! sur-

i-

y
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446446 JABLONSKI, SALVAT, AND POWELL
FIG. 32. Ratio of the mean escap
depth,D, from Eqs.~31!–~38! to the
mean escape depth,D, calculated with
neglect of elastic scattering for two
photoelectron lines and two Auger
electron lines in gold as a function o
the emission angle,a: ~solid line! D
obtained from transport cross section
calculated with the DHF potential;
~dashed line! D obtained from trans-
port cross sections calculated with th
TFD potential: ~a! Au N7VV Auger
electrons; ~b! Au 4s photoelectrons
excited by MgKa radiation; ~c!
Au 4f 7/2 photoelectrons excited by
Mg Ka radiation; and ~d!
Au M5N67N67 Auger electrons.
e
ca
Ps

fo

om
a
be
en
e
n
P
d
b
n
es
to
.
c
a

uc
io
tu
r

ug

ive
alc
u,
fo

t

as
tic
is

d by
ess

Ps
has
ities
out

of

al
er-
gy
Au
r-

ined
mic
u-

ies
ay
n,

tic
ed
be-
face with calculated curves in which an energy-depend
imaginary potential was used to represent the inelastic s
tering. This imaginary potential was derived from Cu IMF
computed from experimental optical data.130 There was ex-
cellent agreement in the widths of the diffraction peaks
energies between 40 and 190 eV.

We therefore conclude that the IMFPs determined fr
absolute EPES experiments are unlikely to have a system
error of as much as a factor of 2 for electron energies
tween 150 eV and 1 keV. While measured DCSs in this
ergy range for the rare gases in Figs. 17–21 can deviat
up to factor of 2 from DCSs calculated from the DHF pote
tial, these computed DCSs seem to provide reliable IMF
from absolute EPES experiments. It is possible that the
viations found in Figs. 17–21 for the rare gases might
much larger than those for other atoms, although we do
know of any reason to support this speculation. Neverthel
we point out that the deviations for Hg in Fig. 22 appear
be less than those for the rare gases at similar energies
also suggest that the absorption correction to the DCSs
culated from the DHF potential might be less for a solid th
the corresponding atom. Tanumaet al.131 showed that the
total inelastic-scattering cross section in a solid can be m
smaller, by a factor of up to about 4, than these cross sect
for the corresponding free atoms. As a result, the ac
DCSs in a solid at energies less than 1 keV might be close
the atomic DCSs obtained from the DHF potential than s
gested by the comparisons of Figs. 17–22.

We comment that IMFPs determined from both relat
and absolute EPES measurements agree with IMFPs c
lated from experimental optical data for solid Al, Si, Ni, C
Ge, Ag, and Au with an average mean deviation of 17.4%
electron energies between 50 eV and 5 keV.117 Most of the
IMFPs from the EPES measurements were larger than
J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004
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calculated IMFPs for Al, Si, and Ge, while the reverse w
true for Ni, Ag, and Au. There were no consistent systema
deviations as a function of electron energy, although it
possible that any such deviations could have been maske
varying effects of surface excitations and surface roughn
in individual experiments. A more recent analysis of IMF
from relative EPES experiments for 24 elemental solids
shown that the description of elastic-backscattered intens
using atomic DCSs is satisfactory for energies above ab
200 eV.132

Finally, we note that calculated angular distributions
elastically backscattered electrons from Au surfaces~ob-
tained with atomic DCSs calculated from the TFD potenti!
deviated considerably from measured distributions for en
gies below 200 eV.49 The calculated and measured ener
dependencies of the elastic-backscattered intensity from
within the solid angle of a retarding-field analyzer are diffe
ent for energies below 300 eV.49 Similar effects have been
found with other elements.24,133We therefore conclude from
these observations and the discussion of IMFPs obta
from EPES measurements that DCSs calculated from ato
potentials appear to be at least empirically useful for sim
lations of electron transport in solids for electron energ
above about 300 eV. At lower energies, the simulations m
provide useful but more approximate guides. In additio
measurements that depend on ratios of atomic DCSs~such as
relative EPES measurements! can give reliable results~such
as IMFPs! down to at least 200 eV.

11. Summary

We have analyzed calculations of DCSs by the relativis
partial-wave expansion method from two commonly us
potentials for elastic scattering of electrons with energies
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FIG. 33. Percentage differences,DD,
between the mean escape depths
gold calculated using the TFD and
DHF potentials@from Eq. ~41!# as a
function of emission angle for the two
photoelectron lines and two Auger
electron lines in gold shown in
Fig. 32.
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tween 50 eV and 10 keV by neutral atoms. Calculated cr
sections have been used for many applications because
are available for all elements and for a wide range of elect
energies, as indicated in Table 1; in contrast, DCSs h
been measured for a limited number of atoms and elec
energies. Different methods have been used for the cr
section calculations~Tables 1 and 2! and, as a result, ther
are numerical differences in the cross-section data avail
in different tabulations and databases.1–12 We note here tha
an additional database is available on a web site,134 but few
details of the calculations are available.135

We compared DCSs that were calculated from the T
and the DHF potentials; cross sections from the latter po
tials are considered more accurate because these pote
were obtained from DHF electron densities compu
self-consistently.52 These cross sections were obtained fro
two NIST databases for which the TFD10 and DHF12 poten-
tials had been employed. Our comparisons were made fo
elements spanning a wide range of atomic numbers~H, Al,
Ni, Ag, Au, and Cm! and for electron energies of 100, 50
1000, and 10 000 eV because these energies were comm
both databases. While the DCSs from the two potentials
similar shapes and magnitudes, pronounced deviations~that
could be as large as 70%! occurred for small scattering
angles for Al, Ag, Au, and Cm. In addition, there were co
siderable differences in the DCSs in the vicinity of scatter
angles for which there were deep minima in the DCSs.
these angles, the differences could reach 400%, althoug
other angles the differences were typically less than 20
The deviations between the DCSs from the two potent
decrease with increasing electron energy. A slight oscillat
structure in the DCSs for H from the TFD potential w
associated with truncation of the TFD potential at a relativ
small radius.

Another factor that could lead to differences in DCSs fro
ss
ey
n
e
n
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le

n-
ials
d
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to
d

-
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at
.
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y

different sources is the choice of approximation used for
exchange interaction. We compared DCSs from t
databases11,12 in which the same DHF potential had bee
used~for H, Al, Ni, Ag, Au, and Cm! in the DCS calculations
but different procedures had been adopted for the excha
correction. Berger and Seltzer11 used the Riley and Truhlar75

approximation while Jablonskiet al.12 used the Furness an
McCarthy64 correction. These comparisons were made
electron energies of 1 and 10 keV. For elements and ener
where there are no deep minima in the DCSs, the differen
between DCSs from the two databases are very small. Fo
Al, Ni, and Ag, the differences generally do not exce
0.02% although larger differences occurred for scatter
angles near 180°; for example, a deviation of20.28% was
found for H at 10 keV. For Au and Cm, differences of up
20.3% and 61%, respectively, were found at scatterin
angles where there were deep minima in the DCSs. We c
clude that the exchange corrections of Riley and Truhlar
of Furness and McCarthy gave essentially equivalent res
We also note that the magnitude of the exchange correc
on the DCS can be substantial. The differences betw
DCSs for Ag, Au, and Cm at 1000 eV can exceed 35% wh
differences between DCSs for H, Al, and Ni can be up to 5
The larger deviations occur at scattering angles where th
are deep minima in the DCSs.

We compared calculated DCSs from the TFD10 and DHF12

potentials with measured DCSs for six elements~He, Ne, Ar,
Kr, Xe, and Hg! at energies between 50 and 3000 eV. F
these elements, the measurements were relatively simple
there were generally two or more independent measurem
available for the chosen electron energies. The consistenc
the measured DCSs is typically within625%, although
larger deviations occur in some cases. For argon, the elem
with the largest number of measurements, there is exce
agreement between the measured DCSs at 2 and 3 keV
J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004
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the corresponding calculated DCSs from both the TFD
DHF potentials. At lower energies, the measured DCSs g
erally agree better with DCSs from the DHF potential th
those from the TFD potential, particularly in the positio
and the magnitudes of the deep minima, although the m
sured DCSs are smaller than the calculated DCSs at o
scattering angles. For other elements, the measured D
agree better with the DCSs from the DHF potential than
TFD potential at the highest available energy; deviations
tween the measured DCSs and the DCSs from the DHF
tential typically become larger with decreasing electron
ergy, and can be as much as a factor of 2. There is also o
better agreement between the measured DCSs and the D
from the DHF potential in the vicinity of deep minima. Th
increasing differences between measured DCSs and
DCSs from the DHF potential generally found with decre
ing energy below 1 keV are believed to be due to the neg
of absorption effects in the calculational algorithm. For sc
tering angles less than about 25°, the measured DCSs a
ergies less than about 500 eV are larger than the DCSs
the DHF potential, but the range of scattering angles wh
positive deviations occur gets smaller with increasing ene
These deviations are associated with the neglect of an ato
polarizability correction in the calculations. Consideration
the absorption and polarizibility corrections~an appreciably
more complex calculation! leads to improved agreement b
tween measured and calculated DCSs for He and Ar.107,110

The transport cross section, obtained from an integra
the DCS that emphasizes large-angle elastic scattering,
useful parameter in simulations of electron transport in s
ids. We have compared TCSs derived from DCSs calcula
from the TFD and DHF potentials for H, Al, Ni, Ag, Au, an
Cm. For energies above 200 eV, the largest differences
tween the TCSs from the two potentials is for H where
deviation is about 20%. For Al, Ni, and Ag, the differences
TCSs are less than 5% for energies above 200 eV. For
and Cm, the differences can exceed 20% for energies
than 1000 eV, but for higher energies the differences are
than 5%. For energies between 50 and 200 eV, the dif
ences are generally larger and can be up to 43%~for Ni at 50
eV!.

We have also examined the extent to which three qua
ties derived from DCSs varied depending on whether
DCSs were obtained from the TFD or DHF potential. Fir
we considered elastic-backscattered intensities from an o
layer film on a surface. As an example, calculations w
made of the dependence of these intensities on film thickn
for an Au film on a Ni substrate. Comparisons with two s
of experimental data for slightly different configurations
two electron energies~500 and 1000 eV! were inconclusive.
For one configuration, the measured intensities at both e
gies agreed better with intensities calculated using DC
from the TFD potential. For the other configuration, a simi
result was found at 1000 eV while better agreement w
found at 500 eV with intensities computed using DCSs fr
the DHF potential.

Second, we considered the determination of electron
J. Phys. Chem. Ref. Data, Vol. 33, No. 2, 2004
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FPs by EPES. IMFPs can be obtained from either relative
absolute EPES measurements. For relative EPES ex
ments, we examined a ‘‘worst-case’’ example of a mater
configuration, and energy for which there was a deep m
mum in the DCS~for a single elastic-scattering event!. We
selected Au, a scattering angle of 155°, and electron ener
of 500 and 1000 eV for this example, as there is a de
minimum in the DCS for Au at 500 eV close to this scatte
ing angle and there are appreciable differences in the D
from the TFD and DHF potentials; there were smaller diffe
ences at 1000 eV. We found that Au IMFPs derived from
use of DCSs from the TFD potential~and use of a Ni refer-
ence material and a hemispherical electron energy anal
with small angular acceptance! were 17.1% and 12.1% les
than the IMFPs obtained using DCSs from the DHF poten
at 500 and 1000 eV, respectively. In another example, invo
ing EPES measurements from an AuCu alloy, an Au re
ence material, an analyzer with a large angular accepta
and four energies between 200 and 2000 eV, IMFPs w
DCSs from the TFD potential were about 6% larger th
those found using DCSs from the DHF potential at 200 a
500 eV; the differences at 1000 and 2000 eV were 3.26%
1.27%, respectively. For absolute EPES experiments,
considered first the case of Au, measurements with an a
lyzer of large angular acceptance, and energies of 500
1000 eV. IMFPs with DCSs from the TFD potential we
10.0% and 1.31% less than those found with the DHF pot
tial at energies of 500 and 1000 eV, respectively. In anot
example involving Ni, an analyzer of large acceptance an
and energies between 250 and 1500 eV, differences betw
IMFPs found with the TFD potential and those from th
DHF potential were 2.36%, 6.42%, 5.66%, and 2.93%
energies of 250, 500, 1000, and 1500 eV, respectively
these four examples, the differences between IMFPs fo
using DCSs from the TFD and DHF potentials varied b
tween 1.27% and 17.1%. We conclude that, for some m
rials, configurations, and electron energies, IMFPs deri
from EPES experiments and simulations with DCSs from
DHF potential could differ significantly from those obtaine
using DCSs from the TFD potential; in other cases, the d
ferences would be comparable to the precision of the Mo
Carlo simulation.

Third, we considered MEDs for the signal electrons
AES and XPS. As an example, we determined MEDs for t
photoelectron lines~with excitation by MgKa x rays! and
two Auger-electron lines of Au where the electron energ
range from 70 to 2016 eV. MEDs were calculated from
formalism in which the TCS is the only parameter describ
the strength of elastic-electron scattering. Differences
tween MEDs obtained from TCSs derived from the TFD a
DHF potentials for normal electron emission varied betwe
4.3% at 70 eV and 0.5% at 2016 eV, and become sma
with increasing emission angle. Since Au is an element
which elastic-scattering effects are relatively strong, we c
clude that MEDs for signal electrons in AES and XPS w
not change significantly if TCSs from the DHF potenti
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are used in the calculation instead of those from the T
potential.

Calculated DCSs for neutral atoms have been extensi
used in simulations of electron transport in solids for a la
variety of applications. Although the interaction potential
a solid will be clearly different from that for a free atom
many calculated parameters of interest~e.g., TCSs, electron
attenuation lengths, electron backscattered intensities,
signal intensities in AES and XPS! depend on ‘‘large-angle’’
scattering in the solid for which changes of potential a
often of lesser significance than other sources of uncerta
Our comparisons of measured and calculated DCSs for
oms have shown, however, that measured DCSs can be m
less~sometimes by a factor of 2! than the calculated DCS
for energies less than 1 keV. Nevertheless, we point out
IMFPs from absolute EPES experiments agree satisfacto
with IMFPs computed from experimental optical data. T
latter IMFPs have been independently tested by other exp
ments. We therefore believe that IMFPs from absolute EP
experiments are unlikely to have a systematic error of
much as a factor of two for electron energies between 150
and 1 keV. We speculate that the absorption correction to
DCSs for a solid may be less than that for the correspond
atom. While further work is needed to understand w
atomic DCSs are useful for solids, we conclude that
atomic DCSs are empirically useful for simulations of ele
tron transport in solids for energies above about 300
These DCSs can also be useful for energies down to at
200 eV where relative measurements are made~such as rela-
tive EPES measurements!.

A new NIST database of electron elastic-scattering cr
sections12 implements the most accurate physical model
that can be utilized for all atoms and that can be handled
a systematic basis~i.e., it has a robust computational schem
that can be reproduced by anyone wishing to repeat the
culations!. This approach necessarily prevents the consid
ation of second-order effects whose proper theoretical
scription would require detailed knowledge of the atom
structure beyond the electron-charge distribution of
ground state. Even the latter had to be slightly ‘‘manip
lated’’ ~through a spherical average! for open-shell configu-
rations to obtain a central interaction potential. As a res
the required robustness and generality of the numerical
culational algorithm mean a certain sacrifice in the accur
of DCS values from the database. Nevertheless, the avail
ity of partial-wave numerical DCSs from a well-define
physical model is a necessary step towards the systema
tion of more elaborate calculations. For instance, the effe
of any improvements in the basic physics will be easier
quantify when expressed as corrections to the static-fi
DCSs available now.12
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